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Bigels can be described as double network systems that consist of two discrete but 
interpenetrating gel networks that each contribute to the mechanical properties of the gel 
producing a much stronger more robust gel. The first protein-protein bigel consisting of 
BSA and gelatin in a 9:10 ratio, was previously described by my colleagues in 2015 
(Blumlein and McManus, 2015). The method of preparation for these bigels was 
optimised and standardised for consistency amongst future measurements. New proteins 
were then explored as potential candidates for the bigels. New proteins were carefully 
chosen based on their physio-chemical properties. Then, by tuning the conditions of the 
protein solution it is possible to control the kinetics of the gelation procedure, ensuring 
that both gel systems form independently of one another. A new bigel was formed from 
ovalbumin and gelatin with an elastic modulus of 67 kPa, much greater than previously 
recorded. In addition, the gels exhibited a high degree of elasticity, with 85 % 
reversibility recorded. These mechanical properties were all determined using cavitation 
rheology. As previously reported with the original BSA/gelatin bigel, these newly 
formed bigels are much stronger than the combined elastic moduli of their parent gels.  
Preliminary cellular studies showed a positive growth response towards the bigels when 
compared with collagen scaffolds and untreated wells, which in combination with their 
biocompatibility, biodegradability and mechanical strength highlights the huge potential 
these bigels have for biomedical applications such as drug delivery, wound healing and 

















ACS   absorbable collagen sponge 
BSA   bovine serum albumin 
CGM   complete growth medium 
CPP   central precocious puberty 
CR   cavitation rheology 
DMEM  Dulbecco's Modified Eagle's Medium 
DMSO   dimethyl sulfoxide 
DN   double-network 
DNACC  DNA coated colloid 
DSC   differential scanning calorimetry 
ECM   extracellular matrix 
EGF   epidermal growth factor 
FESEM  field emission scanning electron microscopy 
Gel-75g  gelatin; bloom number 75g 
Gel-225g  gelatin; bloom number 225g 
HA   hydroxyapatite  
HEK   human embryonic kidney 
IPN   interpenetrating network 
LH   luteinizing hormone 
LOD   limit of detection 
MSC   mesenchymal stem cells 
MTT   3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
OVA   ovalbumin 
PB   Presto Blue viability assay 
PBS   Phosphate buffered saline 
Pc   critical pressure 




RFU   relative fluorescence units 
SDS   sodium dodecyl sulphate 
SEM   scanning electron microscopy 
Tm   melt transition temperature 
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1.1 Soft matter 
Soft matter can be defined as material that is neither liquid nor crystalline solid, and can 
be identified by its sensitive response to mechanical and thermal stress. Soft matter is 
concerned with the study of polymers, gels surfactants and colloidal dispersions. Many 
biological systems are also composed of soft matter. Globular proteins sometimes 
behave as colloids (Valente et al., 2005), DNA is a stiff polymer (Peters et al., 2013), 
membrane lipids can be considered surfactants (Lee et al., 2009). There have been 
numerous studies done on the colloidal behaviour of proteins (Rosenbaum et al., 1996; 
Valente et al., 2005). Proteins are polymeric biomolecules consisting of amino acid 
chains.  Small globular proteins have a radius of approximately 1 -2 nm  (García De La 
Torre et al., 2000), and therefore on the lower end of the colloidal length scale. In 
addition, the net overall charge of a protein is responsible for many important physical 
properties and phase behaviours such as aggregation, solubility and the formation of 
colloidal gels (Rosenbaum et al., 1996; Asherie, 2004; Dumetz et al., 2008). 
 
1.1.1 Protein structure 
Proteins are complex molecules consisting of four different levels of structure, primary, 
secondary, tertiary and quaternary. The primary structure of a protein consists of the 
sequence of amino acids in a polypeptide chain, composed from twenty commonly 
occurring amino acids. These are small molecules primarily composed of nitrogen, 
oxygen and hydrogen and can be classified according to their specific properties, 
whether they are hydrophobic, hydrophilic, acidic or basic. Each protein has a unique 
sequence of amino acids that determines the folding of the protein and consequently its 
function. The secondary structure of a protein involves the folding of the amino acid 
chain. The main secondary structure features include α-helices and β-sheets, which are 
stabilised through hydrogen bonding. The protein will orient in space to form its most 
stable structure, stabilised by hydrogen bonds, salt bridges and disulphide bridges. This 
is known as the tertiary structure of the proteins and along with the secondary structure, 
is what determines the function of the protein. In a physiological environment, the 
hydrophobic residues such as alanine, valine, leucine and isoleucine will reside within 
the interior of the protein, to avoid contact with the hydrophilic medium. The polar and 




protein. The quaternary structure of a protein is the arrangement of multiple protein 
molecules held together by disulphide bonds, salt bridges, hydrogen bonds and 
hydrophobic interactions (Whitford, 2005). 
 
Figure 1.1: 3D representation of ovalbumin, showing complex surface chemistry, where each amino acid 
is coloured differently. Rendered using Jmol from PDB ID: 1OVA. 
 
1.2 Self-assembly of proteins 
The self-assembly of proteins is essential to many biological processes. Proteins only 
function when they have folded into their correct configuration. In addition, globular 
proteins can also self-assemble into larger complexes such as crystals, amorphous 
aggregates or amyloid fibrils, figure 1.2, (McManus et al., 2016), mediated through 
non-covalent interactions. Failure to assemble correctly can impact biological processes 
(Ahnert et al., 2015), ultimately leading to disease. Alzheimer’s disease, Parkinson’s 
disease, cataract formation and sickle-cell anaemia are all associated with protein 
condensed phases. (Knowles et al., 2014).  
 
Figure 1.2: An overview of the different condensed phases that can occur from the self-assembly of 





1.2.1 The thermodynamics of protein self-assembly 
Thermodynamics involves the relationship between different forms of energy, 
including; heat, work and temperature and the conversion between these different states 
(Atkins, 1988). It may be considered the driving force behind the self-assembly of  any 
colloidal system, including that of proteins (Grzybowski et al., 2009). The first law of 
thermodynamics is concerned with the conservation of energy within a system, stating 
that energy cannot be created or destroyed within a system and is governed by the 
following equation; 
wqU +=     [Eqn. 1.1] 
where ΔU is the change in internal energy of the system, q is the heat supplied to the 
system and w is the work done by the system. 
The second law states that the sum of entropies (S) where the entropy represents 
disorder, of a system will always increase and can be represented by; 
T
q
S =     [Eqn. 1.2] 
where ΔS is the change in entropy, T is the temperature of the system in Kelvin. The 
enthalpy (H) of a system depends on the internal pressure (p), volume (V) and internal 
energy (U) of a system; 




The Gibbs free energy of a system ΔG, is related to the enthalpy (H) and entropy (S) of 
a system by the following equation; 
 
STHG −=      [Eqn. 1.4] 
When ΔG is equal to zero, a system is said to be in thermodynamic equilibrium, when 
ΔG is less than zero a system is said to be spontaneuous (Atkins, 1988). Proteins will 
assemble to reduce the entropy and free energy of the system. 
 
1.2.2 Intermolecular interactions 
Intermolecular forces are responsible for the existence of different phases of matter, 
such as liquid, solids and gases. These can be divided into attractive forces and 
repulsive forces. These non-covalent interactions all work synergistically for the self-
assembly of proteins. The four main non-covalent interactions include hydrogen 
bonding, van der Waals interactions, the hydrophobic effect and electrostatic 
interactions. The length-scale between the particles is a key parameter in determining 
the dominant interactions.  
 
1.2.2.1 Electrostatic interactions  
Electrostatic interactions occur between charged atoms.  They are based on coulombic 
attractions and are much stronger than hydrogen bonds. Attractive interactions occur 
between oppositely charged ions, and repulsive interactions occur between similarly 
charged ions. Salt bridges form between cationic and anionic amino acid residues, 
contributing to the overall stability of a protein (Whitford, 2005). 
Protein molecules also undergo electrostatic forces. In solution, protein molecules either 
have a net positive or negative charge depending on the pH of the solution. An electric 
double layer forms around the surface of the protein consisting of a stern layer of 
strongly bound counter-ions, and a diffuse layer further from the surface with less 
tightly bound counter-ions, figure 1.3. The zeta potential is the potential difference 
across the boundary between the diffuse layer and bulk solution, known as the slipping 
plane, figure 1.3. It is an important measure for the electrostatic interactions between 





Figure 1. 3 Representation of the electric double layer surrounding a colloid or protein. Taken from (An et 
al., 2017). 
1.2.2.2 Van der Waals forces 
Unlike the electrostatic interactions described previously, van der Waals forces exist 
between neutral atoms and molecules. Otherwise known as dispersion forces, charge 
fluctuation forces, or induced dipole forces, they involve the interaction between 
fluctuating dipoles that arise from the outer electrons on two molecules (Everett, 2007). 
These forces are weak and typically have a long range of between 0.2 nm and 10 nm 
and increase in magnitude as the molecules approach one another. It can be simplified 







=    [Eqn 1.5] 
where W(r) is the van der Waals potential and r is the is the distance between the two 
molecules. The energy associated with van der Waals interactions is approximately 1 
kcal/mol (Everett, 2007). 
 
1.2.2.3 Hydrogen bonding 
Hydrogen bonding is an attractive interaction that occurs between a hydrogen (H) atom 
on one group and another highly electronegative atom such as nitrogen (N), oxygen (O) 
or fluorine (F) on another group. Hydrogen bonding is one of the key driving forces 




the amino and carboxyl side-chains and in the backbone of proteins. It plays a 
significant role in both the secondary and tertiary structure of proteins as well as in 
protein aggregation. It’s importance is illustrated in amyloid fibrils, which are for a 
feature of Alzheimer’s disease, and which are governed by the formation of hydrogen 
bonds between β-sheets, (Knowles et al., 2007). The strength of most hydrogen bonds 
varies between 10 and 40 kJ mol-1 and are typically short ranged (Israelachvili, 1991).  
 
1.2.2.4 The hydrophobic effect 
Hydrophobic forces occur between water molecules and non-polar groups and are 
driven by entropy. Water in bulk assembles into large clusters of hydrogen-bonded 
water molecules that may orient themselves into an ordered structure (Liang et al., 
2007). When hydrophobic molecules come into contact with water, they disturb the 
structured orientation of the water molecules resulting in an entropically unfavourable 
situation. The hydrophobic molecules will therefore re-assemble, in order to minimise 
their surface area in contact with water, and to achieve equilibrium, expelling the water 
molecules and thus reducing the total free energy of the system. Amphipathic molecules 
will re-arrange so that the hydrophobic parts are not exposed to the water resulting in 
the formation of micelles (Wang et al., 2016).  
 
1.3 Phase transitions in proteins 
Water-soluble globular proteins undergo phase transitions in response to various stimuli 
such as temperature, pH or mechanical stress. Globular proteins are capable of forming 
various different condensed phases; crystals, gels, amorphous aggregates, dense liquids 
and amyloid fibrils (Asherie et al., 1996; Dumetz et al., 2008). Gibbs free energy is the 
driving force behind phase transitions in protein solutions (Prausnitz and Foose, 2007).  
 
1.3.1 Protein phase diagram 
Phase diagrams show the different states of a protein as a function of the protein 
concentration, temperature and solution conditions, such as pH and ionic strength. The 
most common phase diagrams are two dimensional in which the protein concentration is 




do exist (Asherie, 2004). Depending on these conditions, the protein may form  
condensed phases or states, such as crystals or aggregates, or it may undergo liquid-
liquid phase separation whereby the solution splits into protein-rich and protein-poor 
regions, figure 1.4, (Asherie et al., 1996; McManus et al., 2016). While relatively few 
phase diagrams for proteins exist, there has been extensive done on the phase diagram 
for a few globular  proteins including γ-crystallins (Berland et al., 1992; McManus et 
al., 2007) and lysozyme (Broide et al., 1996; Rosenbaum et al., 1996).  
 
Figure 1.4: Schematic of a state diagram for a globular protein showing the different condensed phases it 
may form, taken from (McManus et al., 2016). 
 
The phase diagram for lysozyme is shown in figure 1.5. The coexistence curve, also 
known as the binodal line or liquid-liquid phase separation line indicates the boundary 
between the protein existing as a single homogenous state, or as two distinct phases, 
protein rich and protein poor.  The solubility curve illustrates how the solubility of the 
protein varies according to different variables, in this instance temperature and protein 
concentration. The spinodal line indicates the division between biphasic region into 
metastable and unstable regions. By quenching the protein solution to deep within the 
unstable region, spinodal decomposition occurs (Asherie et al., 1996; Cardinaux et al., 




certain composition forms more than one crystal phase, for the case of lysozyme  
tetragonal and rhombohedral crystals can both be formed (Vekilov, 2012). 
 
Figure 1.5: Phase diagram for lysozyme. Taken from (Vekilov, 2012). 
 
1.3.2 Protein aggregation 
Protein aggregation involves the assembly of proteins into a condensed phase and may 
be reversible or irreversible (Morris et al., 2009). Protein aggregation can have huge 
implications for many processes. Many diseases involve protein aggregation such as the 
formation of amyloid fibrils in Alzheimer’s, Huntington’s and Parkinson’s disease 
(Knowles et al., 2014), it also leads to many technical problems for biotechnology and 
pharmaceutical industries such as the aggregation of protein components in drug 
products which occurs when the proteins are at high concentrations (Wang, 2005).  
Protein aggregation may occur from natively folded proteins, unfolded proteins or 
partially folded protein intermediates (Morris et al., 2009). The aggregation of natively 
folded proteins involves the self-association of protein monomers to form small 
oligomers due to specific and non-specific intermolecular interactions between amino 
acid residues on the surface of the protein. This process is generally reversible however 
over time as the oligomer grows in size, covalent bonds may form, rendering it 




The self-association of unfolded or partially unfolded protein may also result in 
aggregates and is generally the dominate mechanism in protein aggregation (Wang, 
2005). By altering the solution conditions for the protein such as pH, temperature or 
ionic strength, it is possible to induce a conformational change in the protein. Solution 
pH also influences the stability and aggregation of proteins. At the isoelectric point (pI) 
of a protein, the protein has no overall net charge. However, as the pH of a protein 
solution is altered, so is the net charge on the protein. As the pH is lowered, the 
carboxyl and amine groups become protonated resulting in an overall positive charge 
and as the pH is raised, these groups are deprotonated resulting in a net negative charge. 
These charges have an impact on the electrostatic interactions between the proteins, and 
can prevent aggregation from occurring (Li et al., 2016). Temperature also has a strong 
impact on protein aggregation. Once the temperature of a protein solution is raised 
above its melting temperature, this causes the protein to unfold exposing hydrophobic 
residues. In order to reduce the free energy of the system, these residues may form 
intermolecular bonds such as disulphide covalent bonds, resulting in an aggregated 
structure (Wang, 2005). 
 
1.3.3 Spinodal decomposition in proteins 
Spinodal decomposition occurs in colloidal solutions, including that of proteins, 
whereby material flows from regions of low concentration to regions of high 
concentration resulting in two distinct phases consisting of high-density and low-density 
regions. Unlike aggregation, spinodal decomposition is characterised by a much more 
defined phase separation which occurs rapidly and uniformly throughout the material 
(Gibaud and Schurtenberger, 2009). This phenomenon is dependent on certain key 
parameters including volume fraction (ϕ) and the interparticle interaction strength 
Ua/kBT between the colloidal particles. These conditions can be controlled so that the 
colloidal particles initially undergo spinodal decomposition, whereby the protein 
solution undergoes liquid-liquid phase separation, followed by a jamming between the 
high-density and low-density regions, whereby the process of spinodal decomposition 
becomes arrested. This results in a solid-like percolated network (Cardinaux et al., 
2007; Lu et al., 2008; Zaccarelli et al., 2008; Gibaud and Schurtenberger, 2009; Gibaud 






Gels are a class of material that have been defined in many ways, incorporating 
anything from the biopolymer network formed by gelatin, to colloidal silica gels. What 
these gels have in common is that they each consist of a three-dimensional structure that 
consists primarily of solvent while still possessing  a solid-like consistency (Zaccarelli, 
2007). They can be described as a low-density disordered arrested state that possesses 
shear properties. A sol-gel transition occurs when a liquid mixture of sol particles 
suspended in a solvent, transforms into a gel through the aggregation of the sol 
particles, forming a percolating network. (Chambon and Winter, 1987). Hydrogels 
occur when the liquid solvent is water. Gels can be classified as either chemical, 
physical or a combination of both depending on the type of bonding present between the 
particles (Zaccarelli, 2007). 
 
1.4.1 Chemical gels 
Chemical gels are formed from cross-linking polymers, through chemical bonds, often 
with the use of a crosslinker such as glutaraldehyde (Distantina et al., 2012). Natural 
and synthetic polymers are often crosslinked through reacting their functional groups 
with a cross-linker. Chemical gels also include epoxy resins and sol-gel glasses. Epoxy 
resins consist of a short polymer containing reactive groups at either end, which mediate 
a step-wise growth resulting in a three-dimensional, fully connected network (Corezzi et 
al., 2005). Another example of a cross-linked polymeric gel are sol-gel glasses. These 
are formed from the hydrolysis of certain organic derivatives of silicon oxide and metal 
oxides in the presence of water (Zaccarelli, 2007).  
 
1.4.2 Physical gels 
Physical gels occur when the particles interact reversibly through intermolecular forces 
such as hydrogen bonding, electrostatic interactions and hydrophobic forces. Ionic-
cross-linked gels are formed by combining ionic polymers with di- or tri-valent 
counterions. Alginate gels are very popular in the biomedical industry due to their 




matrix (ECM) (Lee and Mooney, 2012). Alginate is a naturally occurring ionic 
polysaccharide, obtained from brown seaweed. By combining alginate polymers with 
divalent cations such as Ca2+, it is possible to obtain a cross-linked gel. The cations bind 
solely to guluronate blocks that occur on the alginate chain, which then form junctions 
with guluronate blocks on adjacent alginate polymer chain, resulting in a cross-linked 
gel structure (Lee and Mooney, 2012). 
Thermo-reversible gels are formed by cooling hot solutions of gelatin above its melt 
transition temperature and upon cooling, gelatin transforms from a random coil 
structure to  a helical structure (Yannas, 1972). 
 
1.4.2.1 Colloidal gelation 
Colloidal gels consist of clusters of colloidal particles suspended in a liquid solvent 
where the particles exhibit short-range attraction, and that have aggregated to form a 
branched, percolated network, capable of sustaining mechanical stress (Lu and Weitz, 
2013). They only occur when the distance between the particles is less than the range of 
attraction. They can be classified as either equilibrium gels or non-equilibrium gels 
(Zaccarelli, 2007). The former involves gels that don’t phase separate, where a stable 
gel network is formed following a series of equilibrium states (Biffi et al., 2015; 
Ruzicka et al., 2013). Non-equilibrium routes involve phase separation including that of 
arrested spinodal decomposition and unlike equilibrium gels, are irreversible (Manley, 
Wyss, et al., 2005; Lu et al., 2008; Gibaud et al., 2011; Varrato et al., 2012; Di Michele 
et al., 2014; Blumlein and McManus, 2015; Mahmoudi and Stradner, 2015; Olais-
Govea et al., 2015). DLCA (diffusion-limited cluster aggregation) gels occur in low-
density colloidal systems and have low fractal dimensions of ~ 1.76 (Zaccarelli, 2007). 
They involve particles sticking irreversibly to each other and the system’s behaviour is 
determined by the diffusion of the particle (Dinsmore and Weitz, 2002). 
As globular proteins can be considered as colloidal particles (Valente et al., 2005), these 
gelation mechanisms can extend to protein gels.  Protein gels have been described that 
were formed via arrested spinodal decomposition (Cardinaux et al., 2007; Gibaud and 
Schurtenberger, 2009; Gibaud et al., 2011; Blumlein and McManus, 2015; Mahmoudi 
and Stradner, 2015).  There have been numerous studies on the formation of lysozyme 




2009; Gibaud et al., 2011). Cardinaux et al.  located the gel boundary and glass line, 
below the coexistence curve in the phase diagram for lysozyme, figure 1.6. through 
centrifugation experiments (Cardinaux et al., 2007). 
 
Figure 1.6: Kinetic phase diagram of lysozyme solutions showing regions of I: complete demixing, II: gel 
formation through an arrested spinodal decomposition, III: homogenous glass. Taken from (Cardinaux et 
al., 2007). 
At specific volume fractions, when the lysozyme solution is quenched into region II, 
figure 1.6, the lysozyme undergoes phase separation followed by dynamical arrest 
resulting in a gel with clusters that has length scales in the order of a few micrometres, 
given lysozyme has an approximate size of 2 nm (Gibaud and Schurtenberger, 2009). 
 
1.4.3 Double network gels 
Double network gels are formed from two gel networks and have been of interest due to 
mechanical enhancements which are particularly useful for certain stress-bearing 
applications such as replacement cartilage. They can be formed by sequential or 
covalent networking between different polymers resulting in a bicontinuous gel network 
(Dragan, 2014) or the two gel networks can be completely separate forming a bigel 
(Varrato et al., 2012; Di Michele et al., 2014; Blumlein and McManus, 2015). 
Interpenetrating gel networks (IPNs),  involve the synthesis of one polymeric gel 




bonds between the two polymers (Dragan, 2014). Double network (DN) IPNs were 
initially described by Gong et al. in 2003, whereby hydrogels with extremely high 
mechanical strength of up to 17 times that of the individual component networks with 
an elastic modulus of 0.4-0.9 MPa. The DN system consisted of a first brittle network of 
poly(2-acrylamido-2-methylpropanesulfonic acid) (PAMPS) that was interpenetrated 
with a second soft system of poly(acrylamide) (PAAM) with the optimal molar ratio 1:2 
whereby the second system is in excess (Gong et al., 2003).  
A bigel consists of two discrete interpenetrating networks whereby each network 
contributes to the overall mechanical properties of the material in a synergistic manner 
(Di Michele et al., 2014; Blumlein and McManus, 2015). In 2012, the Foffi Group 
described a binary colloidal gel consisting of DNA-coated colloids (DNACCs), showing 
how arrested spinodal decomposition of the complementary coated colloidal particles 
may lead to bigel formation (Varrato et al., 2012). They used computer simulations to 
investigate the phase behaviour of bigels, in which phase separation occurs due to the 
thermodynamic instability that arises as a result of an interplay in the density and 
composition fluctuations of the particles. These computer simulations were confirmed 
using confocal microscopy images of DNA-coated colloids (DNACCs) in which 
interspecies attraction could be controlled. Later studies in 2014 supported their 
findings on the kinetics of the bigel formation and examined the structural and 
mechanical properties of the bigels. It was found that bigels are more resistant to strain 
than a single-component gel at the same volume fraction due to the steric repulsion 
between the bigel components preventing further demixing (Di Michele et al., 2014). 
In 2012, the Suo group reported a synthetic double network gel, formed from an 
ionically cross-linked alginate gel and a covalently cross-linked polyacrylamide gel. 
Both networks were shown to work synergistically to create a gel with stronger 
properties, with the new gel capable of being stretched over twenty times its original 
length. In addition, the gels showed a 74 % recovery of the original fracture energy, 
owed to the polyacrylamide network bridging a crack in the gel system, stabilising 
deformation (Sun et al., 2012). 
The first protein-only bigel consisting of BSA and gelatin was described in 2015 
(Blumlein and McManus, 2015). These gels exhibited very strong mechanical 




and Sun et al. (Sun et al., 2012; Di Michele et al., 2014). The first percolated gel 
network was formed from the arrested spinodal decomposition of BSA and the second 
was formed from the physical entanglement of gelatin around the BSA (Blumlein and 
McManus, 2015). Once heated above its melt transition temperature, unfolded BSA 
rapidly undergoes spinodal decomposition, followed by irreversible aggregation 
mediated by disulphide bond formation, in its arrested state. Environmental scanning 
electron microscopy (ESEM) indicated uniform spherical structures of ~ 1 µm and 
confocal and light microscopy revealed a branched structure of spherical particles, 
consistent with the formation of a gel by arrested spinodal decomposition. In addition 
the confocal microscopy also revealed two discrete networks, satisfying the requirement 
for a bigel (Blumlein and McManus, 2015). 
 
1.5 Model proteins 
The proteins for the bigels were chosen based on their physical and chemical properties. 
It was important to minimise intermolecular interactions between each protein pair to 
ensure the formation of two discrete gel networks. In addition to this they are all 
commercially readily available at low-cost. 
1.5.1 Bovine Serum Albumin (BSA) 
BSA is a member of the albumin family of globular proteins. BSA is an abundant 
protein that accounts for approximately 10 % of whey proteins. It has a molecular 
weight of 66kDa and with 580 amino acids (Boye et al., 1996). It is stabilized by 17 
disulphide bridges, with one free cysteine residue at Cys34 (Carter and Ho, 1994), 
which plays a crucial role in the redox properties of BSA (Kurotsu et al., 2015). BSA 
consists of approximately 54 % α-helices and 40 % β-sheets and turns.  It contains three 
homologous domains (I-III) each made up of two sub-domains (A and B), which 
organise to form a heart-shaped protein (Carter and Ho, 1994). The crystal structure for 





Figure 1.7. Cartoon representation of the crystal structure of dimeric BSA rendered using Jmol (PDB ID: 
4f5s). 
1.5.2 Ovalbumin (OVA) 
Ovalbumin is the main protein constituent of egg-white, comprising 54 % (Abeyrathne 
et al., 2013) of egg white protein. Interestingly, OVA is a member of the serpin 
superfamily (Hunt and Dayhoff, 1980), despite showing no protease inhibitory activity 
as seen with many members of the serpin family. As of yet, its function has not yet been 
determined (Huntington and Stein, 2001). Ovalbumin has an isoelectric point of 4.7 – 
5.2 (Bhattacharjee and Bansal, 2005) and a molecular weight of 45 kDa with 386 amino 
acids (Thompson and Fisher, 1978). OVA contains six cysteine residues with a single 
disulphide bond between Cys74 and Cys121 (Thompson and Fisher, 1978).  OVA is a 
glycoprotein with a carbohydrate group attached to its N-terminal (Abeyrathne et al., 
2013). The secondary structure of OVA is composed of 41 % α-helices 34 % β-sheets, 
13 random coils, 12 % β-turns (Ngarize et al., 2004). The crystal structure for tetrameric 
OVA is shown in figure 1.8. 
Upon heating, OVA undergoes a conformational change from its serpin structure to an 
insoluble form consisting of only β-sheets with exposed hydrophobic residues. Serpins 
are unusual in that their most stable state is not their native state but an intermediate 
metastable S-state that differs from the native state in its conformational structure 
(Smith, 1964). The conversion of N-Ovalbumin to S-Ovalbumin can be identified by a 
2-5 % loss of α-helix content and a small increase in anti-parallel β-sheets, as well as a 
shift in Tm from 78 to 86 °C (Huntington and Stein, 2001). S-Ovalbumin is unable to 





Figure 1.8:  Cartoon representation of the crystal structure of four OVA molecules rendered using Jmol 
(PDB ID: 1OVA), the alpha helices are pink and beta sheets are yellow. 
 
1.5.3 Gelatin 
Gelatin, is a naturally occurring biopolymer that is a derived from denatured collagen. 
This degradation can be achieved through acidic or alkaline treatment. The former 
involves breaking crosslinks between strands in addition to hydrolysing the strands, 
producing gelatin type A, which is characterised by a broad molecular weight 
distribution. Under basic conditions gelatin type B is formed (Djabourov et al., 1988). 
Gelatin consists of a heterogenous mixture of polypeptides. Its structure is dependent on 
its collagen precursor. The isoelectric point of Type A is 7.0 – 9.0 while that of Type B 
is only 4.7 – 5.2. The melt transition temperature, Tm, of gelatin is approximately 40 °C, 
with little variation for different molecular weights (Bigi et al., 2004). Gelatin is 
primarily used to form thermoreversible gels, which due to their mechanical properties 
and biocompatibility provide good candidates for food or biomedical industries.  
Gelatin gels are formed by dissolving the gelatin in water, which is only soluble above 
its Tm, following which a helix to coil transition is observed.  On cooling the gelatin 
solution, a reverse transition from coil to helix is then formed with the strands becoming 
physically entangled with one another (Hayashi and Oh, 1983) as seen in figure 1.9. The 
strength of gelatin gels depend on their molecular weight and structure and 
commercially is referred to as its bloom number. The bloom number of gelatin is 
determined by the force, in grams, required to impress a standard 0.500 +/- 0.001 inch 
diameter plunger to a depth of 4 mm into the surface of a 6.67 % gelatin gel. The bloom 




gelatin ranging from 50 to 300. The triple-helix content and strength of gelatin has 
shown to increase in relation to its bloom number (Bigi et al., 2004). 
 




Collagen is the main component of skin, tendons, ligaments, teeth and bones, 
constituting a major component of the connective tissue. It is commonly used in 
biomedical applications including drug delivery and tissue engineering due to its 
biodegradability, biocompatibility and weak antigenicity (Lee et al., 2001). 
Collagen has an approximate molecular weight of 285 kDa (Whitford, 2005). There 
have been 28 different forms of collagen identified (Shoulders and Raines, 2009), with 
the majority belonging to one of the four major collagen groups, type 1, type 2, type 3 
and type 4. The function and location of these four major groups is summarised in table 
1.2. 
Table 1.1: The functions of the four major collagen groups, adapted from (Whitford, 2005). 
Type Function 
Type I Major component of tendons, ligaments and bones 
Type II Comprises over 50 % of cartilage 
Type III Provides strength to artery, intestine and uterus walls 
Type IV Forms the basal lamina of epithelia 
 
The well-established triple helix structure of collagen was initially elucidated by 
Ramachandran and Kartha in 1954 using X-ray crystallography (Ramachandran and 




length of 1000 amino acids, figure 1.10. The three individual polypeptide chains adopt a 
polyproline II structure that each combine to form a super helix, known as 
tropocollagen. This structure is primarily stabilised by hydrogen bonding between 
adjacent carbonyl and amide groups (Bhattacharjee and Bansal, 2005). For collagen 
types I, II, III and V, the triple helices subsequently assemble to form collagen fibrils, 
which in turn self-assemble to form collagen fibres, and hydrogel networks in a 
hierarchal manner, figure 1.10, (O’Leary et al., 2011).  
 
Figure 1.10: The self-assembly of polypeptide chains to form a hydrogel. Taken  from (O’Leary et al., 
2011). 
 
1.6 Cells and Tissues 
1.6.1 HEK 293T cell line 
Cells from the Human Embryonic Kidney (HEK) 293 cell line were used for all of the 
experiments in chapter 4 due to their ease of growth and transfection and they are 
commercially readily available (Thomas and Smart, 2005). This cell line was originally 
initiated by Van der Eb in 1973, by transforming normal HEK cells with sheared 
adenovirus type 5 DNA, that deregulates the cell cycle (Graham and Van Der Eb, 
1973).   The cell line was then transfected with the large T antigen of simian virus 40 
which deactivates p53, a tumour supressing protein resulting in further disregulation to 
the cell cycle allowing the cell line to be grown for long periods in vitro. 
 
1.6.2 Hydrogel scaffolds 
Hydrogels scaffolds are emerging as a very important class of 3D scaffold for 
biomedical applications such as tissue engineering (Dhandayuthapani et al., 2011), cell 
encapsulation (Annabi et al., 2010), and wound healing (Jones et al., 2006). Hydrogels 
are composed of hydrophilic polymeric networks and can be classified as chemical, 




using a chemical crosslinker such as glutaraldehyde (Distantina et al., 2012), however 
this introduces a source of toxicity towards the cells. Physical hydrogels are formed 
from non-covalent interactions such as hydrogen bonding, hydrophobic interactions and 
electrostatic interactions (Zhu and Marchant, 2011) and are often formed from natural 
polymers such as proteins and polysaccharides (Jonker et al., 2012). 
 
1.6.2.1 Design criteria 
When designing 3D scaffolds, it is desirable to have a structure that mimics the natural 
extracellular matrix (ECM). Cells in vivo are surrounded by the ECM, a complex 
network consisting of proteins and proteoglycans (Zhu and Marchant, 2011). Some of 
the most important factors to consider in the design of scaffolds include the 
biocompatibility and biodegradability of the scaffold, the degree of porosity, the 
mechanical properties and the surface features of the material. 
 
1.6.2.1.1 Biodegradation 
For the purpose of tissue engineering applications, it is important that a scaffold can 
maintain cellular proliferation for the lifetime of the scaffold and subsequently degrade 
without producing any harmful by-products (El-Sherbiny and Yacoub, 2013). Studies 
have been conducted to determine the importance of scaffold degradation for tissue 
engineering scaffolds, by examining cellular activity in non-degradable scaffolds (El-
Sherbiny and Yacoub, 2013). PEG and PEG-dimethacrylate (PEGDMA) were photo-
polymerised to produce non-degradable scaffolds encapsulating bovine and ovine 
chondrocytes for cartilage regeneration. Although the cells initially maintained viability, 
overtime, the cell viability significantly decreased with time (Elisseef et al., 1999). 
However studies examining the impact of degradable poly(propylene fumarate-co-
ethylene glycol)  scaffolds on cellular growth showed that cells maintained high levels 
of proliferation and were more evenly dispersed (Suggs and Mikos, 1999). Degradation 






Biocompatibility in a key feature in the design of a scaffold to ensure that there is 
limited harmful immunological or toxic effects because of the scaffold. In the case of 
tissue engineering, the purpose of the hydrogel or scaffold is to encourage healing and 
regeneration amongst the cells. If the hydrogel is not biocompatible, this could result in 
permanent damage or scarring to the tissues. Irgacure is a free radical photo-initiator, 
commonly used in the synthesis of hydrogels that has been shown to have a direct 
negative impact on cell viability (Bryant et al., 2000). In order to overcome this 
limitation, for the purpose of chemically synthesised hydrogels, it would be necessary to 
purify the material to remove any harmful unreacted chemicals or by-products through 
extensive solvent washing or dialysis. Another method to overcome this is through the 




A highly porous hydrogel is essential for the encouragement of cell growth, uniform 
cell distribution and interconnection between the different tissues. In addition, it is 
important that the pore size is large enough to prevent pore blocking by the cells which 
would inhibit cell penetration (Annabi et al., 2010). The effect of scaffold pore size on 
the extent of ECM secretion and cell growth has been reported in recent studies 
(Brauker et al., 1995; Lien et al., 2009). It has been found that genipin-crosslinked 
gelatin scaffolds with larger pore sizes showed better balance between cell growth and 
ECM secretion when compared with those with a smaller pore size, where cell growth 
dominated, resulting in over-confluency and decreases ECM secretion. The optimal 
pore size for chondrocytes was reported between 250-500 µm (Lien et al., 2009). The 
extent of porosity must also be sufficient to allow neovascularization to occur, the 
formation of new blood vessels which is a necessity for cell survival through nutrient 
exchange and elimination of waste products (Brauker et al., 1995). 
 
1.6.2.1.4 Mechanical properties 
Cells have also been shown to respond to the mechanical properties of their scaffold 




elastic microenvironment in vivo, which is evident in many soft tissues including brain, 
muscle and skin. The formation of an elastic cell culture scaffold mimics this 
environment encouraging the growth of cells. Studies have shown that mesenchymal 
stem cells (MSCs) respond to the stiffness of their environment (Engler et al., 2006; 
Park et al., 2012). Soft matrices resembling the brain have encouraged the 
differentiation of MSCs into neurons, stiffer matrices resembling muscle tissue have 
encouraged the differentiation of MSCs into myoblasts and the use of matrices 
resembling the elasticity of collagenous bone have encouraged the differentiation of 
MSCs into osteoblasts (Engler et al., 2006). In addition, scaffolds with strong 
mechanical properties are desirable for the purpose of replacement bone and cartilage, 
whereby the scaffold must withstand the stresses that the new tissue will ultimately bear 
(Dhandayuthapani et al., 2011). 
 
1.6.2.1.5 Surface properties 
The surface of a scaffold is the initial and primary site of interaction with cells and 
tissues, and consequently is key feature in the design of 3D scaffolds. The surface 
properties of a scaffold have been shown to have a direct impact on cellular attachment 
and proliferation (Boyan et al., 1996). Various different methods have been employed 
to alter the surface features of scaffolds in an attempt to improve cellular attachment and 
proliferation, figure 1.11. Incorporation of the integrin-binding arginine-glycine-aspartic 
acid (RGD) peptide on the surface of a scaffold has been shown to facilitate cellular 
adhesion and proliferation (Pierschbacher and Ruoslahti, 1984; Hersel et al., 2003). The 
ability of this peptide to promote cell attachment was originally identified by 
Pierschbacher and Ruoslahti through examining the peptide sequence of fibronectin, a 
glycoprotein with  strong cell attachment properties (Pierschbacher and Ruoslahti, 
1984). The RGD peptides are recognised by integrin ligands which in turn bind to 
adhesive cell surface proteins (Ruoslahti, 1996). This peptide is also present in other 
proteins including collagen, gelatin (Hoque et al., 2014), laminin, fibrinogen and 
entactin (Ruoslahti, 1996).  
Other methods used to improve cellular adhesion to the surface of scaffolds include the 
use of thin film depositions such as hydroxyapatite (HA) (Dhandayuthapani et al., 




titanium surfaces can induce osteogenic differentiation in mesenchymal stem cells 
(McCafferty et al., 2014). Various growth factors such as heparin (Kallapur and 
Akeson, 1992) and epidermal growth factor (EGF) (Tığlı et al., 2011) have also been 
attached to the surface of scaffolds as well as being incorporated into the scaffold to 
encourage cell adhesion and proliferation. 
 
Figure 1.11: Some of the approaches for altering the surface properties of a scaffold for cell adhesion 
purposes. Taken from (El-Sherbiny and Yacoub, 2013). 
 
 
1.6.2.2 Applications of hydrogel scaffolds 
Hydrogels are widely used in various biomedical applications including tissue 
engineering (Dhandayuthapani et al., 2011) , drug delivery (Chung and Park, 2009), and 
wound healing (Jones et al., 2006) due to their hydrophilic character and flexibility and 
biocompatibility with many commercial products on the market (Caló and 
Khutoryanskiy, 2015). 
 
1.6.2.2.1 Wound healing 
Hydrogels provide an ideal candidate for wound dressings due to their physical and 
chemical properties such as their high water content, their ability to swell and absorb 
moisture and their porosity. Wound dressings must be able to maintain a certain degree 
of moisture between the wound and the dressing, protect the wound from any sources of 
infection, absorb any excess toxins and exudate, be able to provide sufficient diffusion 




requirements and are increasingly being used for wound dressings in place of gauze, 
which although is cheap, it is not have the same desirable properties of hydrogels and 
often causes problems in its removal, with trauma occurring to the wound. 
Intrasite Gel® is an amorphous sterile hydrogel produced by Smith & Nephew, 
consisting of modified carboxymethylcellulose (2.3 %), propylene glycol (20 %) and 
water (77.7%), used for granulating open cavity wounds (Vernon, 2000). The high 
water content and porosity, ensures the transmission of water vapour and oxygen, 
proving effective rehydration to the surface of the wound, as well as debridement, 
removal of unhealthy tissue away from the wound, essential to recovery (Vernon, 
2000). Granugel® is a combination of a hydrogel and hydrocolloid consisting of pectin, 
carboxymethylcellulose and propylene glycol marketed by CanvaTec (Williams, 1996). 
The presence of the hydrocolloid provides the ability to absorb larger amounts of 
exudate, which can help speed up the healing process (Caló and Khutoryanskiy, 2015). 
Woundtab® is a hydrogel formed from carboxymethylcellulose, glycerol and a 
sulphonated copolymer used for chronic wounds. Due to its superabsorbent properties, 
it is capable of absorbing bacteria and retaining them within the hydrogel (Caló and 
Khutoryanskiy, 2015). 
 
1.6.2.2.2 Tissue engineering 
Tissue engineering involves the repair, regeneration or replacement of tissues or organs 
using engineered materials. The potential biocompatibility of hydrogels is a very 
desirable feature for the purpose of tissue engineering since the hydrogel will most 
likely be in direct contact with various organs and tissues, in addition to its similarity to 
the extra-cellular matrix and potential mechanical strength which is required for 
replacement bone and cartilage. There are multiple collagen based products on the 
market due to its biocompatibility. CondroColl® and HydroxyColl®  are both collagen 
based scaffolds marketed by SurgaColl™  (Gleeson et al., 2010; Levingstone et al., 
2014). HydroxyColl® is a collagen and hydroxyapatite based scaffold for bone 
regeneration (Gleeson et al., 2010). CondroColl® is a multi-layered scaffold, for 
osteochondral repair, designed to mimic the gradient structure of osteochondral tissue. 
The first layer consists of type 1 collagen and hydroxyapatite (HA), the major 




HA and the third layer is composed of type I and type II collagen with hyaluronic acid, 
mimicking cartilage. The physical properties of this material provides optimal cellular 
growth and distribution facilitating rapid healing (Levingstone et al., 2014). Infuse® 
Bone Graft is another collagen based product produced by Medtronic that has been 
approved as an autograft replacement for certain spinal fusion procedures, open tibial 
fractures and for sinus augmentation. Its composed from a recombinant human bone 
morphogenetic protein-2 (rhBMP-2) applied to an absorbable collagen sponge (ACS)  
carrier (McKay et al., 2007). Infuse bone graft provides an alternative to harvesting 
autogenous bone which often involves complications. 
 
1.6.2.2.3 Drug delivery  
Hydrogels are commonly used for drug delivery applications due to their physical 
properties. The high porosity provides the ability to load drugs for the later release in 
vivo. In addition, it is possible to tune the degree of porosity for various different 
delivery mechanisms. This release may occur through diffusion, swelling, or else it may 
be chemically or environmentally mediated (Chung and Park, 2009). They can also be 
adapted for sustained drug release, which involves maintaining high concentrations of 
drug over extended periods of time. Reservoir and matrix devices are used for diffusion-
controlled delivery systems. Reservoir systems involve a drug reservoir in the core of 
the system, surrounded by a hydrogel membrane. Drug release occurs at a constant rate. 
Matrix systems involve dispersing the drug throughout the hydrogel. Drug release 
occurs through the pores of the hydrogel at a rate proportional to the square root of time 
(Chung and Park, 2009). 
There have been many studies done regarding the potential use of hydrogels in drug 
delivery systems, however there are only a few that have reached commercialisation 
(Caló and Khutoryanskiy, 2015). Supprelin® LA, is a subcutaneous insert produced by 
Endo Pharmaceuticals Inc., used for the treatment of central precocious puberty (CPP) 
in both male and female children. It consists of a hydrogel reservoir system that releases 
histrelin acetate, a gonadotropin-releasing hormone that reduces luteinizing hormone 
(LH) levels and sex steroids concentration (Davis et al., 2014). Cervidil® is a drug-




composed of crosslinked polyethylene oxide/urethane polymer and drug release is 
stimulated by hydrogel swelling in the vagina (Mozurkewich et al., 2011). 
 
1.6.3 Cell viability assays 
Cell viability assays are an essential tool for analysing cellular response to a particular 
scaffold or the impact of different test molecules on cellular action, whether they have a 
positive effect on cell proliferation or have any cytotoxic effects that lead to cell death. 
They provide initial data prior to performing any in vivo studies. They’re also widely 
used for the study of receptor binding effects (Hulme and Trevethick, 2010). They allow 
the direct quantification of viable cell numbers. Reduction assays are some of the most 
commonly used assays, including those that are tetrazolium based and resazurin based. 
The reduction of these molecules only occurs in metabolically active cells by 
mitochondrial activities. The signal generated from the fluorescence or absorbance of 
the reduced molecule can be directly related to the number of viable cells (Xu et al., 
2015). The ATP assay is another cell viability assay, however it is different to the 
reduction based assays in that it immediately ruptures the cell membranes and monitors 
ATP production. (Riss et al., 2013). 
 
1.6.3.1 Tetrazolium reduction assays 
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) is one of the most 
commonly used cell viability assays, since its development in 1983 for high throughput-
screening (Mosmann, 1983). The MTT solution must be prepared prior to use by 
dissolving in a physiological buffer, and is then incubated with cells for 1 to 4 hours 
(Riss et al., 2013). The tetrazolium is reduced to formazan, figure 1.12 (a), which is 
purple in colour and absorbs at a wavelength of 570 nm. The signal intensity due to the 
absorbance of formazan is directly proportional to viable cells. The reduction of 
tetrazolium occurs by mitochondrial dehydrogenase enzymes which transfer electrons to 
the tetrazolium molecule (Mosmann, 1983). Formazan is an insoluble precipitate that 
accumulates within the cells, on the cell surface and in the medium. In order to measure 
the absorbance, the formazan must be solubilised with a suitable organic solvent such as 
dimethylsulfoxide (DMSO), sodium dodecyl sulphate (SDS) or isopropanol (Xu et al., 




cell viability including MTS, XTT an WST-1 (Riss et al., 2013). Unlike MTT which is 
positively charged, these compounds are negatively charged preventing them from 
directly penetrating viable cells and they must be used with an intermediate electron 
acceptor that facilitates the reduction of tetrazolium (Riss et al., 2013). 
 
 
Figure 1.12: (a) Structures of MTT and its reduced form, formazan. (b) Structures of resazurin, resorufin 
and hydroresorufin. Rendered using Chemdraw. 
1.6.3.2 Resazurin reduction assays 
Resazurin based reduction assays are more recent and are often used in place of MTT 
and other tetrazolium based assays due to their ease of use and reduced toxicity towards 
cells, allowing further usage of cells in subsequent experiments (Yu et al., 2003). They 
are also water soluble and so do not require an organic solvent, rather they can be 
dissolved in any physiological buffer which can be added directly to cells. The 
mechanism by which resazurin is reduced to resorufin, figure 1.12 (b) is not fully 
understood however it is believed to occur during cellular respiration by NADPH and 
NADH (Candeias et al., 1998) which is strongly fluorescent and red in colour. Similarly 
to the production of formazan, the signal intensity of the resorufin is directly 
proportional to the number of metabolically active cells. A further reduction from 
resorufin (pink) to non-fluorescent hydroresorufin (colourless), figure 1.12 (b), can 
occur after extended periods of incubation time which can lead to artefactual results. 



















al., 1994), however PrestoBlue is a more recent product and is claimed to offer distinct 
advantages over AlamarBlue due to its shorter incubation times of as little as ten 
minutes with higher levels of sensitivity (Xu et al., 2015).  
 
1.7 Thesis Motivation 
The motivation for this work was to investigate new proteins for the formation of the 
new protein bigels that can potentially be used as biomaterials for biomedical 
applications. A bigel consists of two discrete interpenetrating networks that each 
contribute to the overall mechanical properties of the gel resulting in enhanced strength 
(Varrato et al., 2012; Blumlein and McManus, 2015). The first protein-only bigel 
composed of BSA and gelatin was described in 2015 with very strong mechanical 
properties (Blumlein and McManus, 2015), by exploring new protein pairs there is the 
potential for form new protein bigels with even stronger mechanical properties. 
The first part of the research involved examining the preparation procedure for the 
protein bigels with a view to optimizing it for consistency for future measurements. 
New proteins were explored as potential candidates for the bigels with the hopes of 
producing a gel that satisfied the requirements for bigel and displayed even more 
enhanced mechanical properties. Natural hydrogels consisting of proteins or 
polysaccharides are increasingly being used in biomedical applications due to their 
biocompatibility and biodegradation however these often lack the mechanical strength 
required for stress-bearing applications such as replacement cartilage. The formation of 
a protein bigel could potentially overcome this limitation. Cavitation rheology was used 
to characterise the new materials. The second part of this research involved examining 
the impact of different cellular scaffolds on cellular proliferation, preliminary tests on 














Chapter 2:  











2.1 Preparation of materials 
 
2.1.1 Reagents 
Chicken egg white albumin (OVA), bovine serum albumin (BSA), gelatin (bloom 
number 75g), gelatin (bloom number 225g) and collagen type 1 were purchased from 
Sigma-Aldrich and used without further purification. All buffers were prepared using 
ultrapure (Type 1, Milli-Q) water and analytical grade solvents and reagents.  
 
2.1.2 Gel preparation 
2.1.2.1 Single component gels 
To prepare single component OVA and BSA gels, protein solutions were made up to the 
desired concentration in the appropriate buffer and allowed to fully hydrate overnight. 
300 µl of the protein solutions were aliquoted into eppendorf tubes and heated at 90 °C 
in a water bath for 3 min. The heated samples were then quenched in ice for 30 min.  
To prepare gelatin gels, gelatin solutions were heated at 90 °C for 30 min. The heated 
solution was then removed from the water bath and aliquoted into 300 µl samples which 
were cooled in ice, forming the physical gel on cooling. 
 
2.1.3 Bigels 
The bigel was prepared as follows; 
2.1.3.1 Initial bigel preparation procedure 
The individual protein solutions were made at twice the desired concentration and 
mixed in a 50:50 ratio. The protein solution was heated at 80 °C for 1 hr and then 
allowed to cool at room temperature. 
2.1.3.2 Optimised bigel preparation procedure 
The individual protein components were prepared at twice the concentration and 
equilibrated at 45 °C in a water bath. The two components were then mixed to create a 
homogeneous protein mixture and a pH check was conducted. The pH was adjusted to 
pH 5.5 with 0.1 M NaOH as required. The samples were sealed and heated in a water 





2.1.4 Collagen gel preparation 
Collagen Type 1 derived from rat tail was purchased from Sigma-Aldrich as a 3.9 
mg/ml solution in 0.02 N acetic acid. The following procedure was carried out on ice to 
slow the gelation process. The stock solution of collagen (3.9 mg/ml) was mixed with 
phosphate buffered saline (PBS), previously prepared by dissolving one PBS tablet 
(Fisher Scientific, UK) in ultrapure water, to prepare a final solution at 2mg/ml. The pH 
was adjusted with 1 M NaOH (Fisher Scientific, UK) as required to achieve a 
physiological pH of approximately 7. The final solution was mixed by gently aspirating 
using a pipette. To allow gelation to occur, the solution was aliquoted into the required 
volume (usually 300 µl) and then incubated at 37 °C for 1 hour.  
 
2.2 Methods used to characterise protein gels 
 
2.2.1 Cavitation Rheology 
2.2.1.1 Background 
Cavitation rheology (CR) is a recently developed technique that can be used to measure  
the mechanical properties of a material (Zimberlin et al., 2007; Kundu and Crosby, 
2009), particularly those of certain biological soft materials including cell spheroids, the 
eye lens and vitreous (Crosby and McManus, 2011; Cui et al., 2011; Chin et al., 2013; 
Blumlein et al, 2017).  
CR has multiple advantages over other forms of rheology such as shear rheology due to 
the fact that a large amount of material is not required to determine the elastic modulus, 
heterogeneities can be probed and the instrumentation for CR is more straightforward 
and less costly (Zimberlin et al., 2007). CR has been used to determine the mechanical 
properties of tissues in vivo, including that of the eye lens (Zimberlin et al., 2010; Chin 
et al., 2013). This is highly useful for the analysis of disease progression and how the 
mechanical properties of tissues change during these processes.  
Since CR can be used to measure the elastic modulus very locally, at the tip of the 
needle, it is possible to explore the heterogeneities within a sample as well as the 




et al., 2010). In addition, it can also be used for turbid samples (Blumlein and 
McManus, 2015) since it is not necessary to monitor deformation visually as the drop in 
pressure within the system indicates that cavitation has occurred. The ability to vary the 
needle diameter also provides the ability to measure samples at length scales ranging 
from 0.1 – 1000 µm, including intracellular, cellular and intercellular length-scales 
(Zimberlin et al., 2010; Cui et al., 2011; Blumlein et al., 2017). 
 
  
Figure 2.1: Set-up of a typical CR experiment. 
 
The set up for a typical CR experiment is shown in figure 2.1. A typical experiment 
involves inserting a blunt end needle into the sample which is positioned on a 
translational stage. Once the needle is in position, the pressure of the closed system is 
gradually increased by compressing the medium (typically air or water) within the 
syringe at a constant rate (chosen to ensure no back pressure), until a bubble or cavity is 
formed at the tip of the needle. The formation of this cavity causes a drop in pressure of 
the system, associated with the critical pressure, Pc, figure 2.2. 












Figure 2.2: A typical pressure plot during a cavitation rheology experiment. 
 
For a liquid, the formation of this cavity or unstable expansion is resisted by the surface 





=         [Eqn. 2.1] 
where γ is the surface tension and r is the needle internal radius (Zimberlin et al., 2007).  
For an elastic material, the formation of the cavity is resisted by two forces, the surface 
tension between the elastic material and the cavitation medium, and the elastic restoring 
force of the sample. Gent and his colleagues have shown that this force can be 
represented by 5/6E (Gent and Tompkins, 1969; Gent and Wang, 1991), so that at the 
tip of a syringe, these combined forces have been shown to relate to the critical pressure 






+=    [Eqn 2.2] 
where γ is the surface tension of the material and r is the internal needle radius 
(Zimberlin et al., 2007). The error bars for each needle size in all experiments were 























determined by calculating the standard deviation of the critical pressures measured for 
at least 10 replicates of each sample at each needle size. 
 
2.2.1.2 Instrumentation  
The cavitation rheology instrument was previously built in-house. It comprises of a 
syringe pump (New Era) regulating a syringe (Hamilton GASTIGHT ®), connected to a 
High Accuracy Silicon Ceramic pressure sensor HSCDANT001PG3A3 (Honeywell) 
and blunt end Hamilton needles (Fisher Scientific, UK). A custom written programme 
was used to record the pressure at the needle tip during the experiment (Blumlein et al., 
2017). 
For the purpose of the cavitation rheology experiments in chapters 3 and 4, the 
cavitating medium was air and the flow rate was set to 400 µl/min for all experiments. 
The elasticity of the material was determined through successive pressurization and 
depressurization cycles using a syringe pump.  
 
2.2.2 Optical Microscopy 
2.2.2.1 Background 
Microscopy is commonly used in molecular biology due to its ability to visualise 
objects in greater detail. Optical microscopy uses visible light and a system of lenses to 
magnify and visualise images.  The resolution of an optical microscope is defined as the 
smallest distance visible between two separate particles that can still be distinguished as 
separate entities and is limited by the numerical aperture of the system (Cooper, 2011). 
The resolving power is one of the key limiting factors of a microscope. For optical 
microscopy the greatest resolution is typically close to the wavelength of light, 400-700 
nm and even those resolutions only occur at high magnifications of 600x. As a result is 
not possible to view specimens at a molecular (Cooper, 2011). Electron microscopes 
offer an alternative to optical microscope due to their greater resolving powers. It 
involves passing a beam of electrons through the sample (Cooper, 2011).  
Some of the main forms of optical microscopy include bright field, phase contrast, 
fluorescence and polarization microscopy. In order to be perceived by the eye and 




Bright field microscopy involves passing light directly through the sample. The ability 
to distinguish between different phases or components of the sample is dependent on the 
contrast that occurs from the absorption of visible light by the sample, as a result it can 
often be difficult to distinguish between the different components. Phase contrast 
microscopy is very useful for visualising samples that have small differences between 
the refractive index of the different components. It uses phase shifts from the 
differences in refractive index and converts then into amplitude shifts resulting in 
enhanced contrast between the components. Fluorescence microscopy is very useful for 
viewing cellular components and processes that cannot be visualised by bright field or 
phase contrast microscopy. It can be used to visualise specimens that exhibit 
autofluoresence, or by adding fluorescent labels that attach to the specimen. It involves 
the excitation of the fluorescence species, and the subsequent separation of the emitted 
light (weaker) from the excitation light (brighter), resulting in a high contrast image 
(Cooper, 2011). Polarization microscopy can be used to visualise birefringent samples 
and involves exploiting the optical anisotropic behaviour of the molecules for their 
analysis (Oldenbourg, 2013). 
 
2.2.2.2 Imaging of protein gels 
Bright field microscopy and phase contrast microscopy were used to observe the 
microstructure of the gels at micrometre length scales. The gels were examined and 
imaged using an Olympus BX61 upright microscope, equipped with a digital imaging 
system at a magnification of 100x. CellF software was used to view and record the 
images and all image analysis was done using ImageJ software. Phase contrast 
microscopy was used to give enhanced contrast between the different components of the 
gels. 
 
2.2.3 Differential scanning calorimetry  
2.2.3.1 Background 
Differential Scanning Calorimetry (DSC) is a technique used to determine the thermal 
properties of a material. Some of the many applications of DSC include the 
determination of the purity and detection of polymorphism in compounds (Reubke and 




polymerization kinetics in polymers (Bruylants et al., 2005). DSC is also used to 
determine different thermodynamic parameters associated with the denaturation of 
proteins including the thermal melt temperature (Tm)  excess heat capacity (ΔCp)  and 
the transition enthalpy (ΔHcal) for the process (Johnson, 2013). During a typical DSC 
experiment, the DSC instrument monitors the amount of power required to maintain the 
same temperature in a reference cell, filled with solvent, and a sample cell filled with 
protein and solvent. As the temperature of both cells is gradually increased, the protein 
begins to unfold, an endothermic process which results in heat being absorbed, 
producing a change in the temperature difference between the sample and reference cell. 
The heat  flow required to maintain the same temperature between both cells is 
proportional to the excess heat capacity (ΔCp) of the thermally induced process, the 
protein unfolding (Johnson, 2013). 
 
 
Figure 2.3: A typical thermogram from a DSC experiment for a two-state unfolding of a  globular protein, 
taken from (Bruylants et al., 2005). 
 
A typical DSC plot for a globular protein undergoing an ideal-two state unfolding 
process is shown in figure 2.3. The maximum of the endothermic peak is related to the 
thermal transition temperature or melt temperature (Tm) of the protein, which is defined 
as the temperature at which 50 % of the protein is unfolded. The integration of the peak 
yields the enthalpy of the process and the post-transition baseline indicates the heat 





2.2.3.2 Instrumentation  
DSC was used to determine the melt transition temperature of the starting materials, 
OVA and gelatin and to determine if OVA underwent any reversible denaturation. A 
Perkin Elmer Pyris-6 Differential Scanning Calorimeter (Perkin Elmer, Ireland) was 
used for all DSC measurements. The samples were equilibrated at 25 °C for 5 min 
before the temperature increased from 25 °C to 100 °C at a scan rate of 1 °C min-1. For 
the reversibility measurements, three heating cycles and three cooling samples were 
carried out, all at a rate of 1 °C min-1. The heat flow required to keep the sample and the 
reference sample at the same temperature was recorded. The data was analysed using 
Origin software. 
2.2.3.3 Sample preparation 
Sample preparation involved fully hydrating the protein in the appropriate buffer 
(ultrapure water) at a concentration of 100 mg ml-1 and aliquoting 55 µl of the sample 
into a stainless steel DSC pan which was then sealed. A reference sample was also 
prepared containing the same mass of buffer only. 
 
2.3 Mammalian cell culture 
All cell culture work was performed in a SafeFAST Classic 212 biological safety 
cabinet (BSC) (SafeFast Classic, Faster S.r.l., Italy) under aseptic conditions. 
HEK293T/17 cells were used in all experiments purchased from LGC, UK. These cells 
are derived from the human embryonic kidney cell line. All cells were grown in a 
Memmert INCO 153 (Schwabach, Germany) CO2 incubator. The incubator was 
operated at 5% CO2, 90% relative humidity and at a temperature of 37 °C.  
 
2.3.1 Reagents for mammalian cell culture 
The reagents for mammalian cell culture were all prepared using sterile reagents and 
solvents in a BSC. The reagents were autoclaved at 121 °C for 20 minutes in a SX-500E 





2.3.1.1 Complete growth medium  
Complete growth medium (CGM) was prepared by supplementing Dulbecco’s Modified 
Eagles Medium (DMEM) which contains 4,500 mg/ml L-Glucose and 4.00mM L-
Glutamine, purchased from GE Healthcare Life Sciences (USA) with the following; 
10% Bovine Calf Serum (BCS) 10,000 units/ml Penicillin, 10mg/ml Streptomycin, 1.5 
mg/ml sodium bicarbonate and 1 mM sodium pyruvate, all purchased from Sigma-
Aldrich (USA). 
2.3.1.2 Phosphate buffered saline  
1X PBS was prepared by dissolving one PBS table (Fisher Scientific, UK) in 100 ml 
ultrapure water. 
2.3.1.3 Trypsin-EDTA solution 
10X trypsin-EDTA (5 g/l porcine trypsin, 2 g/l EDTA-4Na, 0.9 % NaCl) (Sigma-
Aldrich, USA) was diluted to 1X trypsin-EDTA using 1X PBS. 
2.3.1.4 Sodium hydroxide 
Sodium hydroxide buffer was prepared at concentration of 1 M using 40 g NaOH 
(Fisher Scientific, UK) per litre of ultrapure water. 
2.3.1.5 Acetic acid 
Glacial acetic acid (Fisher Scientific,UK) was diluted to a concentration of 0.02N using 
ultrapure water. 
 
2.3.2 Growing cells from frozen stocks 
Cells were stored in cryotubes in a Statebourne Biorack 750 (Statebourne, USA), liquid 
nitrogen cryopreservation tank. For recovery of cells, the frozen cells were directly 
thawed in a water bath at 37 °C for approximately 2 minutes. Complete growth medium 
(CGM) was heated to 37 °C in a water bath. The contents of the cryotube was 
transferred to a sterile 15 ml centrifuge tube containing 10 ml of the warmed CGM. The 
tube containing the suspended cells was centrifuged at 125g for 10 minutes to pellet 
cells. The supernatant was then removed and the cells were resuspended in 7 ml of pre-
warmed medium. Cells were then transferred to the required vessel (T25 cell culture 





2.3.3 Sub-culturing or passaging of cells 
CGM was changed every few days as required. Metabolising cells release acidic by-
products which causes the phenol red in DMEM to change colour from pink to orange 
indicating that a change in medium is required. When 90 % confluency was reached, 
assessed using a light optical microscopy, the cells were passaged. Prior to cell passage, 
the CGM was removed, and the cells were washed with pre-warmed 1X phosphate 
buffered saline (PBS) to remove any remaining serum. For a T25 culture vessel (growth 
surface area of 25 cm2), 300 µl of trypsin-EDTA was added to the vessel and incubated 
at 37 °C for up to 10 minutes to detach the cells. Following this, 7 ml of CGM was 
added to the flask and the cells were harvested by gently aspirating the cells to dislodge 
all cells from the vessel walls. The cell suspension was then transferred to a 15 ml 
centrifuge tube and centrifuged at 125g for 10 minutes to pellet the cells. Following 
centrifugation, the supernatant was discarded, and the cells were resuspended at the 
appropriate concentration for the required vessel. Volumes were adjusted depending on 
the vessel in use.  
 
2.3.4  Cell counting  
Cells were counted using a bright-line haemocytometer (Hausser Scientific, USA) and 
Trypan Blue 0.4 % solution (Sigma, Aldrich, USA), a blue stain that is only absorbed 
by dead cells, allowing viable cells to be identified and quantified. Suspended cells were 
mixed to ensure the cells were evenly distributed and 10 µl were removed and added to 
90 µl of Trypan Blue giving a 1/10 ratio. 10 µl was added to the haemocytometer and 
cells were viewed under the light microscope. Dead cells (blue) were excluded from the 
cell count and the total number of viable cells were determined using the following 
equation; 
Number cells/ml = cell count (average) x 104 cells/ml x dilution factor 
 
2.3.5 Freezing cells  
Cell stocks were prepared for freezing by harvesting the cells from the vessel and 




in cryopreservation medium, consisting of 95 % CGM and 5% dimethyl sulfoxide, at a 
density of 3 x 106 cells/ml. The solution was then aliquoted into Nalgene cryogenic vials 
(ThermoScientific) in 1 ml volumes. The vials were then transferred into a Mr. Frosty 
Freezing Container (ThermoScientific), a polycarbonate container, containing 100 % 
isopropanol, which when placed at -80 °C claims to achieve a cooling rate of 
approximately -1 °C/minute, the optimum rate for freezing cells. After 3 hours the 
frozen tubes where then transferred to a liquid nitrogen cryopreservation tank for long-
term storage.  
 
2.3.6 Collagen Scaffold 
2.3.6.1 2D collagen coating 
The stock collagen solution (concentration of 3.9 mg/ml), was diluted to 50 µg/ml using 
0.02N acetic acid. 200 µl of the diluted collagen solution was added to each well to coat 
the dishes with 5µg/cm2. The plate was incubated for 1 hour at room temperature. 
Following this, any excess collagen solution was carefully removed from the well. The 
well was then rinsed using PBS. Plates were then air dried for ~2 hrs and stored at 2 – 8 
°C until required. 
 
2.3.6.2 3D collagen scaffold 
To prepare a three-dimensional collagen scaffold, the collagen gel was prepared as 
described in section 2.1.2, using aseptic conditions. 300 µl was aliquoted into each well 
of a 24 well plate for incubation. The plates were incubated at 37 °C for 1 hour or until 
a gel had formed. Prior to use, the collagen gels were dialysed with CGM. 500 µl of 
CGM was added to each well and allowed to dialyse for  ~2 hours. The CGM was then 
removed and replaced with fresh CGM. This process was repeated three times. 
 
2.3.7 Bigel Scaffolds 
BSA/gelatin-75 and OVA/gelatin-225 bigels were prepared in a 24-well plate. The 
following is the procedure for the BSA/gelatin bigel. The OVA/gelatin bigel was 





2.3.7.1 Preparation of bigel scaffold covering entire well surface 
The BSA samples were prepared at a volume fraction of ϕ = 0.132 by hydrating the 
protein in ultrapure water (previously autoclaved at 121 °C). The gelatin samples were 
prepared at a volume fraction of ϕ = 0.146 in ultrapure water (previously autoclaved at 
121 °C) and heated to 90 °C for 30 min to dissolve. The two separate protein solutions 
were equilibrated at 45 °C in a water bath. Following equilibration, the heated solutions 
were mixed in the biological safety cabinet (BSC) resulting in a combined volume 
fraction of ϕ = 0.139. The pH was checked to ensure a pH of 5.5. 300 µl was aliquoted 
per well into a 24-well plate. The plate was then sealed using sealing tape (Thermo 
Scientific, USA) and heated at 90 °C for 3 minutes. Prior to use, the gels were dialysed 
by adding 500 µl CGM to each well and allowing to dialyse for  ~2 hours. The CGM 
was then removed and replaced with fresh CGM. This process was repeated three times. 
 
2.3.7.2 Preparation of hollow cylindrical bigel scaffold 
To create the bigel scaffold, a cylindrical insert was created from layered silicone 
thermal pads, figure 2.4 (b). The insert had a diameter of 11.3 mm and a surface area of 
1 cm2, half the total surface area of the well (2 cm2). The insert was placed in the centre 
of the well and 300 µl of the OVA/gelatin-225 homogeneous protein solution, as 
prepared above, was aliquoted into the well, around the insert. The plate was sealed 
using sealing tape and heated at 90 °C for 3 min in a water bath, allowing the gel to 
form around the insert. After bigel formation, the silicon insert was removed, leaving a 
free standing bigel in the shape of a hollow cylinder around the outside of the well, as 
depicted in figure 2.4 (a). As before, the bigel scaffold was dialysed with three 500 µl 













Figure 2.4 (a): Top plan view of hollow cylindrical bigel (grey) formed around edge of well (in 24 well 
plate) with exposed cell surface in the centre (blue) with dimensions. (b) 3D plan of silicone insert. 
 
2.3.8 Presto Blue assay - description 
Presto Blue (PB) was purchased from BioSciences (Ireland) as a 10X solution. PB is 
cell viability assay used to assess cell proliferation in vitro. This is done by monitoring 
the reduction of resazurin to resorufin which only occurs in metabolically active cells 
(Lall et al., 2013). Resorufin is fluorescently active at an excitation wavelength of 560 
nm and an emission wavelength of 590 nm, allowing the growth of cells to be 
quantified. 
 
2.3.8.1 Fluorescence spectroscopy 
The reduction of resazurin to resorfin was monitored with fluorescence spectroscopy 
using a SpectraMax M2e (Molecular Devices, USA) plate reader at wavelengths of 560 
nm excitation and 590 nm emission in bottom-read mode. Fluorescence spectroscopy 
measures the intensity of photons emitted from a sample as it transitions from its 
excited state to the ground state.  
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SA of well = 1.9 cm2 
exposed surface 
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bigel formed  
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diameter of exposed well surface = 11.3 mm,  
SA of exposed well surface = 1 cm2 
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2.3.8.2 Optimisation of PB  
Prior to use, it was necessary to determine the optimal incubation time for HEK 273 
cells. Cells were seeded with CGM in a standard clear-bottom 24 well plate (Nest, 
China) at concentrations ranging from 5 x 104 cells/ml to 2.5 x 105 cells/ml (total well 
volume 500 µl) and allowed to adhere overnight. The following day, 50 µl of the 
medium was removed and replaced with 50 µl PB. The final concentration of PB in 
contact with the cells is 1X PB. The cells were then incubated at 37 °C, 5% CO2, 90% 
relative humidity and the fluorescence was taken at incubation times of 10, 20, 30 and 
60 minutes with a plate reader using bottom-read mode. The fluorescence was recorded 
at an excitation wavelength of 560nm and an emission wavelength of 590 nm. As PB is 
a live assay, it is possible to take readings at multiple time points from the same 
wells/plate. All measurements were taken as an average of three separate wells and 
corrected for any background fluorescence by including control wells containing only 
CGM with no cells on each plate. 30 minutes was chosen as the incubation time. 
2.3.8.3 Use of PB to assess impact of various scaffolds on cell growth 
The bigel scaffolds were formed as described in section 2.3.7.1 and the collagen 
scaffolds as described in section 2.3.6, all in a 24 well plate under aseptic conditions.  
The cells were then seeded at a concentration of 1 x 105 cells/ml and allowed to adhere 
for 24h. 50 µl of the medium was removed and replaced with 50 µl of PB. The cells 
were allowed to incubate with the reagent for 30 min at 37 °C. 100 µl aliquots were 
removed from each well and transferred to a 96 well plate (VWR, Ireland) for 
measurement.  The remaining PB and medium in the 24 well plate was removed and 
replaced with 500 µl CGM and the cells were returned to the incubator until the 
following day. 
The fluorescence was recorded at an excitation wavelength of 560nm and an emission 
wavelength of 590 nm using a SpectraMax M2e plate reader. All measurements were 
taken as an average of three separate wells and corrected for any background 
fluorescence by including control wells containing only CGM and the scaffolds with no 





2.3.8.4 Imaging cells 
Cells were visualised under an Olympus CRX31 inverted microscope with a microscope 
USB digital camera used to image the cells. Images were processed and analysed using 
ISCapture and ImageJ software. In order to calibrate the size scale of the micrographs, 










































Chapter 3:  















Hydrogels consist of 3D hydrophilic polymeric networks in which water is a major 
component. They are widely used in cell encapsulation, tissue engineering, wound 
healing and regenerative medicine (Hoffman, 2002; Chung and Park, 2009; El-Sherbiny 
and Yacoub, 2013; Zhang et al., 2015). Natural polymers including proteins, are ideal 
candidates for these hydrogels, owing to their biocompatibility and biodegradability. 
Chemical hydrogels are formed by covalent cross-linking between polymer chains  
whereas physical hydrogels form from the entangled chains or intermolecular 
interactions such as hydrogen bonding or hydrophobic forces which hold the gel 
together (Zhu and Marchant, 2011).  
 
Historically, one of the limitations for using hydrogels in biological applications was a 
lack of mechanical stability, which is required for advanced biomedical applications 
such as replacement cartilage, ligaments and tendons (Hutmacher, 2001).  Since then, 
new materials have been developed by various methods to overcome this limitation. 
These include the formation of interpenetrating networks (IPN) that involve the 
synthesis or cross-linking of multiple polymers sequentially (Sperling and Mishra, 
1996; Zhang et al., 2015), double-network (DN) gels, which consist of two polymeric 
gels in network form (Nakayama et al., 2004; Sun et al., 2012) and bigels, which can 
describe two discrete interpenetrating gel networks whereby both networks contribute to 
the overall mechanical strength of the gel (Varrato et al., 2012; Blumlein and 
McManus, 2015).  
 
In 2012 the Foffi Group described a binary colloidal gel consisting of DNA-coated 
colloids (DNACCs), showing how arrested spinodal decomposition of the 
complementary coated colloidal particles may lead to bigel formation (Varrato et al., 
2012). Sun et. al. reported a synthetic alginate and polyacrylamide double network gel, 
whereby both networks were shown to work synergistically to create a gel with stronger 
properties, with the new gel capable of being stretched over twenty times its original 





A protein-only bigel was described for the first time in 2015. This consisted of two 
proteins, BSA and gelatin, which formed a double network gel with interesting 
mechanical properties. These gels had elastic moduli of up to 24.3 kPa, four times 
greater than the combined modulus of the two parent proteins. Confocal microscopy 
analysis of the gels revealed a percolated network of uniform spherical BSA aggregates 
surrounded by a second discrete network of the gelatin, figure 3.1. 
 
Figure 3.1: Confocal microscopy image (20x magnification) of a protein bigel, ϕ = 0.139 composed of 
gelatin, ϕ = 0.073 and BSA, ϕ = 0.066.  Gelatin labelled with FITC appears green, BSA labelled with 
Dylight 633 appears red. Insert in panel 1 is at 100x magnification.  The overlay of the two images 
indicates that the gel networks are discrete but interpenetrating. Taken from (Blumlein and McManus, 
2015). 
 
Based on confocal microscopy, environmental scanning microscopy and elasticity 
measurements, it was concluded that the bigel structure was consistent with an arrested 
particle gel of BSA forming the first component of the bigel, followed by the formation 
of a second physical gelatin gel entangled around the BSA gel. These gels also 
demonstrated swelling behaviour, indicating a promising potential to be used in 
different biomedical applications such as drug delivery, wound healing or as 
biomimetics in tissue culture (Blumlein and McManus, 2015). New proteins could 
contribute to an even stronger gel which would offer even more opportunities for 





3.2 Aims of this study 
The aim of this study was to explore if other protein pairs could be used to create 
protein bigels and to examine if the enhanced mechanical properties observed in the 
BSA/gelatin double network persist in other bigel systems. The procedure to produce 
the bigels was also examined with a view to optimising the process for consistency. 
Cavitation rheology was used to measure the mechanical properties of the new double 
network materials.  
3.3 Results 
3.3.1 Cavitation rheology (CR) instrument 
Previous work has indicated that small differences in the inner radii of needles used in 
CR measurements can lead to significant variation in the measurement of the elastic 
modulus. However, the surface tension of water can reliably be measured using CR and 
can be used to identify needles with the correct inner diameter measurements to be used 
for further measurements. The critical pressure for water at a particular needle size is 




=   [Eqn 3.1] 
where γ is the surface tension and r is the needle internal radius (Zimberlin et al., 2007).  








 0.42 0.351 +/- 0.023 73.7 
 0.30 0.497 +/- 0.009 74.5 
0.21 0.688 +/- 0.027 72.2 
0.16 0.936 +/- 0.016 74.8 
 
The values obtained for several different needle sizes are listed in table 3.1 and are 
comparable to the literature values for the surface tension of water,  of 72.75 mNm-1 at 





3.3.2 BSA/Gelatin Bigel 
A protein bigel consisting of BSA and gelatin was initially described in 2015 (Blumlein 
and McManus, 2015). This bigel had enhanced mechanical properties when compared 
with the parent gels it was composed of. It was found to have an elastic modulus of 24.3 
kPa using cavitation rheology. Based on confocal microscopy, environmental scanning 
microscopy and elasticity measurements, it was concluded that the bigel was formed via 
spinodal decomposition of unfolded BSA, followed by the formation of a second 
physical gelatin gel surrounding the BSA gel (Blumlein and McManus, 2015). 
As part of this project, these experiments were repeated a number of times and 
variability in the determination of the elastic modulus as determined using cavitation 
rheology was initially found (figure 3.2). Although the same bigel preparation 
procedure as described in the paper was used, a range of values for the elastic modulus, 
E,  were determined using cavitation rheology, whereby the critical pressure (Pc) across 






+=      [Eqn 3.2] 
where γ is the surface tension and r is the needle internal radius (Zimberlin et al., 2007). 
These values for E ranged from 12.77 to 21.19 kPa, lower than the original value of 
23.4 kPa for the same protein compositions.  In addition, error bars were larger than 





Figure 3.2: The elastic moduli of BSA gelatin bigel ϕ = 0.139 was found to be 21.19 kPa and 12.77 kPa 
using equation 3.1. The bigels were both formed using the same preparation procedure. 















E = 21.19 kPa




















In an attempt to understand the source of these inconsistencies, a number of studies 
were carried out to examine the method of preparation for the bigels. It also became 
clear that the needle placement within the sample during measurement was important in 
the determination of E, which was further probed. 
 
3.3.2.1 The impact of needle depth on measurements of the elastic modulus 
The larger than expected error bars observed in the BSA/gelatin data, figure 3.2, 
suggested a more heterogeneous gel than previously observed. To determine the source 
of the variability, several factors related to both the preparation of the material and the 
measurement of the elastic modulus using CR were considered.  We observed that the 
value for E varied, depending on the placement of the needle inserted into the sample 
(typically prepared in an Eppendorf tube). This led to an investigation regarding the 
depth at which the needle was placed within the sample. 
The critical pressure was measured using CR at different points within the sample. 
During the cavitation rheology experiment, the needle was inserted into the sample at 
two different levels, 1 and 3 cm, measured from the top of the vial, and the critical 
pressure for two different needle sizes was recorded. The first experiment involved 
heating the BSA and gelatin-75 mixture at 90 °C for 15 min (less than the incubation 
time for the original preparation method, which heated for 1 hour). The gel formed was 
completely opaque. The critical pressures as well as the error, determined by the 
standard deviation, are listed in table 3.2. Higher pressures were observed when the 
needle was placed at the bottom of the sample, compared with the pressures observed 
when the needle was placed towards the top of the sample, figure 3.3. The second 
experiment involved heating the mixture for 3 min. Once again, the sample was 
completely opaque in appearance. This time there was a smaller difference noticed 






Table 3.2:  The critical pressures and their associated errors measured at different needle placements 
following a 15 minute incubation. 
 15 minute incubation 
Needle size 14g  (r = 0.8 mm) 20g  (r = 0.3 mm) 
Needle placement 
from top of sample 
1 cm 3 cm 1 cm 3 cm 
Pc [kPa] 26.5 +/- 5.9 55.3 +/- 8.1 31.1 +/- 10.5 77.8 +/- 26.9  
 
Figure 3.3: A comparison of the critical pressure depending on the placement of the needle in the sample 
of BSA/gelatin bigel ϕ = 0.139 following a 15 min incubation at 90 °C. 
Table 3.3:  The critical pressures and their associated errors measured at different needle placements 
following a 3 minute incubation. 
 3 minute incubation 
Needle size 14g  (r = 0.8 mm) 20g  (r = 0.3 mm) 
Needle placement 
from top of sample 
1 cm 3 cm 1 cm 3 cm 








Needle Depth in Sample
14g; r = 0.8 mm














Figure 3.2: A comparison of the critical pressure depending on the depth of the needle in the sample of 
BSA Gelatin bigel ϕ = 0.139 following a 3 min incubation at 90 °C. 
 
As previously stated, the mechanism for gelation of the BSA component of the bigel 
was proposed to be due arrested spinodal decomposition, which is consistent with the 
rapid opacity on heating and the very uniform size of the particles formed within the gel 
(1 – 2 µm). Since spinodal decomposition occurs very rapidly, it is likely that the BSA 
gel forms during the first few minutes of incubation. This is supported by the 
observation that the sample turns completely turbid within the first ~ 90 sec of heating. 
For the remaining incubation time, while the gelatin is still in its molten state, it is 
possible that the BSA gelled network had begun to sediment to the bottom of the tube, 
which is not unreasonable given the relatively large size of the particles containing 
aggregated protein which form. This sedimentation would lead to a concentration 
gradient in the sample and would explain the higher critical pressures observed when 
the needle was placed towards the bottom of the sample. To test this hypothesis, the 
heating time (and cooling time) were shortened so that there was less time for 
sedimentation to occur in the heating phase and the sample was cooled by placing on 
ice, to shorten the time required for gelation of gelatin to occur. When the sample was 
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1 cm
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smaller. To create a more consistent procedure for future bigels, the heating time was 
reduced to 3 minutes and after removing the sample from heating, it was immediately 
quenched in ice to speed up the formation of the gelatin gel, which is formed on 
cooling. 
 
3.3.2.2 Preparation conditions for bigel formation  
Given the importance of preparing a relatively homogeneous sample (to minimise 
gradients due to sedimentation etc), the procedure to produce the bigels was optimised, 
to ensure greater consistency in the sample preparation and less variability in CR 
measurements. The new procedure is summarized in table 3.4. 
Table 3.4: A summary of the new preparation procedure for the bigels 
Step 1: Mixing • Equilibrate & mix two components at 45 °C  
• pH Check: 5.5 
• (pI BSA: 4.7, pI Gelatin: 4.7 – 5.2) 
Step 2: Heating  • Heated at 90 ° C for 3 min 
Step 3: Cooling • Immediately quenched in ice water  
 
 
Figure 3.5:  The elastic modulus for the 9:10 BSA Gelatin bigel formed using the new conditions 
(summarized in table 3.2) was found to be 36.2 kPa using equation 3.2. 



















BSA:gelatin-75g 9:10 gels were formed using the new preparation procedure, as 
summarized in table 3.4. The elastic modulus for a gel prepared in this way was 
determined to be 36.2 kPa using cavitation rheology, figure 3.5. This value was much 
more reproducible than before, with less variability observed in the data. This value is 
also higher than the value previously reported for the BSA/gelatin-75 bigel of 24.3 kPa. 
This is most likely a reflection of a more homogeneous gel throughout the sample. 
 
3.3.2.3 The impact of pH on the formation and characteristic of bigels 
Since a bigel consists of two interpenetrating discrete gel networks, it is important that 
there is no inter-species attraction between the two proteins. To ensure this, it is 
necessary to adjust solution conditions so that the pH of the homogeneous protein 
solution is close to their respective isoelectric points, so there is no charge attraction 
between the two proteins, but sufficient residual charge to ensure that limited self-
association occurs prior to gelation. The isoelectric point of a protein is the pH at which 
it has no net electrical charge. The isoelectric point of BSA is 4.7 (Ge et al. 1998) and 
varies from 4.7-5.2 for gelatin (Bhattacharjee and Bansal, 2005), depending on the type 
of gelatin used.  Therefore, at a pH of 5.5 there is little net charge on either protein in 
the mixture. For the BSA/gelatin bigel initially described, there was no need for a pH 
adjustment as the resulting pH when the proteins were dissolved in water and mixed 
together was approximately 5.5. Due to the fluctuations in the pH of water however, the 
effect of the pH on the BSA/gelatin bigel was also explored to determine what impact a 
higher pH might have on the bigel. A homogeneous protein solution was prepared at 
total volume fraction of ϕ = 0.139, consisting of gelatin, ϕ = 0.073 and BSA, ϕ = 0.066. 
The pH was adjusted to 7 and the solution was incubated at 90 °C for 3 min. The elastic 
modulus was found to be 31.02 kPa using cavitation rheology,figure 3.6, slightly lower 
than the value of 36.2 kPa measured for the bigel at pH 5.5 using the optimised 
procedure, figure 3.5. In addition, the gels were less opaque in appearance compared 





Figure 3.6: The elastic modulus of BSA/gelatin bigel; ϕ = 0.139 at a pH of 7 was found to be 31.02 kPa 
using equation 3.2  
 
 
Figure 3.7: A comparison of the BSA/gelatin bigel; ϕ = 0.139, at a pH of 5.5 (left) and a pH of 7 (right). 
 
3.3.3 New bigel candidates 
To improve any future development of products based on the formation of protein 
bigels, it is important to ensure that it is possible make bigels from other protein pairs. 
When choosing the new proteins to prepare bigels from, it was important to consider 
their properties to ensure inter-species attraction could be kept at a minimum, so that 
two discrete interpenetrating networks could be produced. The mechanical properties of 


















these new gels were probed to determine if the same enhanced mechanical properties 
seen in the BSA/gelatin bigel can be reproduced for a different protein bigel. Before 
attempting to produce a double network gel, the mechanical properties of the single 
component gels were measured using cavitation rheology. 
 
3.3.3.1 Single component ovalbumin gels 
Ovalbumin (OVA) was the first protein explored as a potential bigel candidate. OVA 
was chosen due to its similarity in structure and properties to BSA. It has an isoelectric 
point of 4.58 – 4.75 (Feeney, 1957) and a melt transition temperature of ~77 °C 
(Photchanachai et al., 2002)  It is also very similar in amino acid content to BSA (Lewis 
et al., 1950). In addition to its properties, it is readily available at low-cost.  
 
3.3.3.1.1 Differential Scanning Calorimetry 
Differential Scanning Calorimetry (DSC) was used to determine the melt transition 
temperature (Tm) of ovalbumin.  The temperature was increased/decreased at 1 °C/min 
while the change in heat capacity of the sample was measured. There was an 
endothermic peak observed at 77.26 °C, figure 3.8, indicating the melt transition 
temperature of OVA. This is consistent  with the literature values for Tm for OVA 
(Photchanachai et al., 2002).  
Two heating cycles and cooling cycles were carried out to determine if the protein 
underwent any reversible unfolding. There was no change in heat capacity detected 






Figure 3.8: The normalised and baseline subtracted DSC thermogram for ovalbumin (100 mg/ml) in water 
during two heating and two cooling cycles showing Tm  of  ~ 77.4 °C. 
 
3.3.3.1.2 Cavitation Rheology 
The elastic moduli of single component OVA gels were measured using cavitation 
rheology. At a volume fraction of ϕ = 0.066, the elastic modulus was found to be 5.67 
kPa, figure 3.9. Below a volume fraction of ϕ = 0.066, the OVA gels were extremely 
weak. As the volume fraction of the gels increased, the elastic moduli also increased.  







































Figure 3.9: The elastic modulus of OVA, ϕ = 0.066 was found to be 5.67 kPa using equation 3.2, 
measured using cavitation rheology. 
 
3.3.3.1.3 Reversibility 
One way to determine the degree of elastic character of a gel using cavitation rheology 
is to measure the degree to which the deformation of the gel due to bubble formation is 
reversible. For certain stress-bearing applications, having a high degree of elasticity is 
required (Sun et al., 2012). The reversibility as determined using CR of the single 
component OVA gels was explored by subjecting the system to successive 
pressurisation and depressurisation cycles, which can help to distinguish elastic 
deformation and irreversible fracture. If the critical pressure returns to the same critical 
pressure following the second pressurization cycle, this would indicate a fully elastic 
material. In addition to this, the critical pressure will scale linearly with r -1, whereas for 
a material that undergoes irreversible fracture following cavitation, the critical pressure 
will scale linearly with 1/r1/2.  Following the initial pressurization cycle (critical pressure 
of 13.4 kPa, for a 20 gauge needle) for the OVA gels, the critical pressure  was 
measured as 6.09 kPa on a second pressurization cycle 45 % of its original critical 
pressure, figure 3.10, indicating that the deformation process is partially reversible 
(Kundu and Crosby, 2009).  






























Figure 3.10: Cavitation rheology of OVA, ϕ = 0.066 (83 mg ml-1) indicates deformation process is 45 % 
reversible. 
3.3.3.1.4 Effect of pH on mechanical properties of the gels  
As previously mentioned, for the formation of the BSA/gelatin double network gels, the 
pH was critically important to ensure that there is no inter-charge attraction between the 
two proteins. However, the pH also plays an important role in the gelation of the single 
component BSA and OVA gels. The OVA gels were prepared at ϕ = 0.066 in water. 
After heating at 90 °C for 3 min, the gels were very weak in consistency and not very 
opaque, figure 3.11 (b). To determine the source of this, the gel was prepared again, 
however this time a pH check was conducted. The pH was at 7, meaning there was a net 
negative charge on the protein. The ovalbumin gel was then prepared at pH of 5.5 and 
the resulting gel appeared more turbid, figure 3.11 (a).  
 
 
Figure 3.11: The OVA gels at a pH of 5.5 (a), were more turbid than those formed at a pH of 7 (b). 




























The effect of pH on the mechanical properties of OVA gels was also probed using 
cavitation rheology. At a pH of 7, the OVA gels formed were very weak with an elastic 
modulus of 0.05 kPa. When the pH was adjusted to 5.5, stronger gels were formed with 
an elastic modulus of 5.64 kPa, figure 3.12. These results suggest that the OVA 
underwent amorphous aggregation at a pH of 7, emphasising the need to control 
solutions conditions to ensure that gel formation occurs by spinodal decomposition 
rather than amorphous protein aggregation, which is generally diffusion limited. 
 
Figure 3.12: A comparison of the elastic modulus for OVA, ϕ = 0.066 at a pH of 7 and 5.5 was found to 
be 0.05 kPa and 5.64 kPa respectively, using equation 3.2. 
 
3.3.3.2 Single component gelatin gels 
When choosing the bigel components, it is important to consider the properties of the 
proteins so that no intermolecular attraction occurs to ensure the formation of a discrete 
double network. Gelatin has an isoelectric point of 4.7 -5.2, similar to that of 
ovalbumin, 4.58 – 4.7 (Rhodes et al., 1958). It also does not contain any cysteine 
residues that could form disulphide bridges which the free cysteines present on 
ovalbumin can do. For the BSA/gelatin bigel, gelatin with a bloom number of 75g was 
used (where the bloom number is directly proportionate to the molecular weight). It has 
been shown that the molecular weight has a direct impact on the mechanical strength of 









35  OVA = 0.066, pH 7; E = 0.05 kPa












gelatin gels (Ferry and Eldridge, 1948). For these reasons, gelatin with a bloom number 
of 225g, was chosen as another potential bigel component.  
 
3.3.3.2.1 Differential Scanning Calorimetry 
Differential Scanning Calorimetry was used to determine the melt transition temperature 
(Tm) of the higher molecular weight gelatin, Gel-225 at a concentration of 100 mg/ml 
was prepared. The baseline substracted DSC plot indicates a Tm of ~ 31 °C, figure 3.13, 
consistent with the published values for the melting transition temperature of gelatin 
(Bigi et al., 2004). 
 
Figure 3.13 The normalised and baseline subtracted DSC thermogram for Gelatin-225 (100 mg/ml) 
showing a melt transition temperature of 31 °C. 
 
3.3.3.2.2 Cavitation Rheology 
The mechanical properties of single component gelatin gels were probed using 
cavitation rheology. Gels were prepared from gelatin-225 at concentrations ranging 
from 75 mg/ml to 100 mg/ml, and characterised using cavitation rheology to determine 
their elastic modulus. As the concentration of the gelatin was increased, the elastic 
modulus increased from a modulus of 7.08 Pa for a gel with volume fraction, ϕgel = 
0.055 to a modulus of 9.64 kPa for a gel with a volume fraction, ϕgel = 0.073, figure 






































3.14. At concentrations below 50 mg/ml, the solutions remained liquid-like. The 
deformation process for all the gelatin gels proceeded by irreversible fracture, as 
determined by successive pressurization/depressurization cycles, and shown by the 
linear scaling with 1/r1/2, figure 3.14. 
 
 
Figure 3.14: The elastic modulus of gelatin-225g at concentrations of a) gelatin-225g, ϕ = 0.055, and b) 
gelatin-225g, ϕ = 0.073, were found to be 7.08 and 9.64 kPa respectively using equation 3.2. 
 
3.3.4 Ovalbumin/Gelatin-225g Bigels 
Following the promising results regarding the mechanical properties for the single 
component ovalbumin and gelatin-225g proteins, these two proteins were used to create 
a double network gel. Since the mechanism for the gelation of OVA seemed to be 
similar to that of BSA, it was hoped that a discrete network could be created. The 
optimised bigel preparation procedure from section 1.3.5 was used for all the 
OVA/gelatin bigels. 
 
3.3.4.1 Cavitation rheology 
The mechanical properties of the OVA/gelatin-225 bigels were examined using 
cavitation rheology. As for the BSA/Gelatin-75 bigel, a gel was prepared with a total 
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volume fraction, ϕ = 0.139, composed of OVA, ϕ = 0.066 and gelatin-225g, ϕ = 0.073. 
The elastic modulus of this gel was found to be 66.96 kPa, figure 3.15, approximately 4 
- 5 times greater than the combined modulus of the parent gels as summarised in table 
3.5 and figure 3.16.  
 
Figure 3.15: The elastic modulus of the OVA-gelatin-225 bigels at a volume fraction of 0.139 was 
determined to be 67kPa using equation 3.2. 
 
This enhancement of the elastic modulus supports the idea that the two components in a 
bigel work synergistically to create a material with enhanced mechanical properties 
(Sun et al., 2012; Di Michele et al., 2014). 
Table 3.5: A comparison of the elastic moduli obtained for the BSA/Gel-75 bigel and the OVA/Gel-225 
bigel as well as for the parent gels. 
Composition E [kPa] Composition E [kPa] 
BSA, ϕ = 0.066 3.2 OVA, ϕ = 0.066 5.6 
Gelatin-75g, 
ϕ = 0.073 
2.8 Gelatin-225g, 
ϕ = 0.073 
9.6 
BSA/Gelatin-75g 
bigel, ϕ = 0.139 
24.3 OVA/Gelatin-225g 
bigel, ϕ = 0.139 
67 
 























Figure 3.16: Comparison of the critical pressures obtained for a) gelatin-225, ϕ = 0.073, b) OVA, ϕ = 
0.066 and c) Bigel, ϕ = 0.139 across of variety of needle radii. 
 
3.3.4.2 Reversibility 
As with the single component gels, the nature of the deformation process for the bigels 
was explored with cavitation rheology.  The bigels were subjected to successive 
pressurization and depressurization cycles. The measurements indicated that 
deformation process for the bigel was predominantly elastic with the critical pressure 
retuning to 85 % of its original critical pressure, figure 3.17. This is surprising since the 
single component ovalbumin gels only displayed 45 % elasticity and suggests a change 
in the behaviour of the ovalbumin in the presence of gelatin. These results are very 
promising for certain stress-bearing applications that require a high level of elasticity 


















 Ф = 0.066; Ovalbumin, E = 5.67 kPa 
 Ф = 0.073; Gelatin-225, E = 9.64 kPa





Figure 3.17: Cavitation rheology showed that the deformation process was 85 % reversible for the bigel. 
3.3.4.3 Light Microscopy:  
Light microscopy was used to explore the microstructure of the gels to help confirm the 
source of the enhanced mechanical properties. Light microscopy of the OVA/Gelatin-
225 bigels revealed a percolated network of spherical aggregates, figure 3.18, similar to 
what was seen for the BSA/gelatin-75g bigels. The uniformity of the OVA aggregates 
as well as the presence of a percolated network, surrounded by the gelatin system is 
consistent with spinodal decomposition.  
 
 
Figure 3.18: Phase contrast light microscopy image of ovalbumin/gelatin bigel, ϕ = 0.139, at a 
magnification of 100x. 
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New protein bigels were formed using ovalbumin and gelatin with very interesting 
mechanical properties. Cavitation rheology was used to determine the elastic modulus 
of these gels with moduli of up to 67 kPa reported for the strongest gels consisting of a 
bigel composed of ovalbumin and gelatin-225. The strongest gels also displayed 85 % 
elasticity, much higher than that of single component ovalbumin gels alone. These are 
very promising results for the use of these materials in a lot of biomedical applications 
(Hoffman, 2002). The bigel preparation procedure was also examined and standardised 
for all gels. Cavitation rheology was selected over standard shear rheology because the 
length-scale dependence of the mechanical properties of hydrogels are important for 
their use as cell scaffolds, since cells respond to mechanical cues at different length-
scales. CR captures these properties well, since the heterogeneities of the material are 
also captured. These are averaged out in other type of measurements.  
 
Tough protein bigels composed of BSA and gelatin were initially described by 
Blumlein and McManus in 2015. The proposed mechanism by which these gels were 
formed was by that of arrested spinodal decomposition of unfolded protein, figure 3.19. 
(Blumlein and McManus, 2015). A homologous protein mixture of BSA and gelatin 
was formed by heating the gelatin above its melt transition temperature, ~ 27 °C. Upon 
heating this solution to above 80 °C, (above the melt transition temperature of BSA), 
the BSA is unfolded, exposing its hydrophobic residues to the solvent, water. The 
system will subsequently undergo liquid-liquid phase separation via spinodal 
decomposition in order to minimise the free energy of the system. At specific 
concentrations of the BSA, this spinodal decomposition becomes dynamically arrested 
resulting in the formation of a percolated BSA gel network, composed of space-
spanning clusters. Upon cooling the solution, the gelatin then forms a second physical 





Figure 3.19: The proposed mechanism for the formation of a BSA:gelatin bigel. Taken from (Blumlein 
and McManus, 2015). 
These double network protein gels were found to have much stronger mechanical 
properties than either parent gel, with an elastic modulus of 24.3 kPa, four times greater 
than the combined modulus of both parent gels (Blumlein and McManus, 2015). These 
enhanced mechanical properties are consistent with the formation of a bigel, as reported 
by Foffi et. al. (Di Michele et al., 2014) and have the potential to overcome the 
biocompatibility issues that arise with synthetic hydrogels in biomedical applications.  
 
In an attempt to reproduce the data for the BSA/gelatin bigel, some inconsistencies in 
the in the gel preparation procedure were observed, which led to variations in the 
determination of the elastic modulus. To help understand these inconsistencies, some 
studies were conducted on the bigel preparation procedure. The original gelation 
procedure involved hydrating both protein solutions, (gelatin must be heated above 30 
°C to dissolve in water), mixing them and then heating the mixture to 80 °C for 1 hour. 
The solution was then allowed to cool at room temperature before analysis. 
 
It was observed that the needle placement within the sample had an impact on the 
critical pressure (Pc) of the sample when analysed with cavitation rheology. The further 
into the sample the needle was inserted, the higher the critical pressure required to cause 




occurring in the sample, which would have led to a concentration gradient within the 
sample, and therefore inconsistencies in the determination of the elastic modulus by CR 
specifically, since this technique is very sensitive to local changes in elasticity. By 
refining the preparation conditions, greater consistency in both the gel formation and the 
CR measurements were achieved. The new procedure involved heating the protein 
mixture at 90 °C for 3 minutes followed by rapid cooling on ice. Since the sample 
becomes completely turbid within the first 90 seconds of heating, longer incubation 
times were un-necessary. For this reason, three minutes was chosen as the new 
incubation time and the sample was immediately quenched in ice water on removal 
from the heat to speed up the formation of the gelatin gel. Following these studies, the 
method of preparation for the bigels was optimised and standardised. Using the new 
procedure, the 9:10 BSA:gelatin bigel was found to have an elastic modulus of 36.2 
kPa. 
 
The effect of the pH on the bigel was also explored. The pH of the protein solutions 
plays a very important role in the formation of a bigel. Since one of the requirements for 
the formation of bigel is that the two protein networks remain discrete, it is important 
that there is no charge attraction between the proteins. This can be achieved by altering 
the solution conditions so that the pH is close to, but not at the isoelectric points of the 
proteins. The isoelectric point of BSA is 4.7, and gelatin at 4.7-5.2, so the pH must be 
maintained at around 5 to ensure this. However, to examine the importance of the pH, 
the pH was adjusted to 7 during the formation of the BSA/gelatin bigel. At a pH 7 the 
elastic modulus of the bigel was 31.02 kPa, compared to 36.26 kPa at a pH of 5.5. Due 
to the isoelectric points of the proteins, at a pH of 7 there is a net overall negative 
charge on the BSA and as a result there may have been intermolecular charge 
interactions occurring between the proteins which may have resulted in amorphous 
aggregation instead of spinodal decomposition. This would lead to a mixed gel (rather 
than a bigel) with less advantageous mechanical properties. The gel was less opaque 
when compared with the protein that underwent spinodal decomposition. 
 
New proteins were explored for the formation of bigels with the hope of creating new 




was important to consider the properties of the proteins. As already mentioned, in order 
to have a system of two discrete protein networks, it is necessary that there are no 
intermolecular interactions occurring between the two proteins. For BSA and gelatin, 
this was insured by the act that gelatin contained no cysteine residues, which were 
thought to be the responsible for the irreversible aggregation that occurs with the 
spinodally decomposed BSA as well as the fact that both proteins had a similar 
isoelectric point that was close to the pH of the buffer to limit charge attraction 
(Blumlein and McManus, 2015). 
 
The first protein explored as a potential candidate was ovalbumin (OVA). Ovalbumin 
was chosen due to its similarity to BSA.  Similar to BSA, OVA has an isoelectric point 
of 4.58 – 4.75 (Feeney, 1957) and a melt transition temperature of ~77 °C 
(Photchanachai et al., 2002). OVA contains six cysteine residues with a single 
disulphide bond between Cys74 and Cys121 (Thompson and Fisher, 1978).  The 
similarity to BSA suggests that OVA may also undergo spinodal decomposition 
resulting in very strong gels. OVA gels were initially prepared at a volume fraction of ϕ 
= 0.066 with no pH adjustment. The gels were less opaque in appearance than the 
previously prepared BSA gels. On further investigation, it was clear that in the absence 
of a suitable buffer, the gels were formed at a pH of 7, meaning there was an overall net 
negative charge on the protein which may have resulted in amorphous aggregation 
rather than spinodal decomposition. The gels at pH 7 were also much weaker than the 
corresponding gels at pH 5.5, with elastic moduli of 0.05 kPa compared with a 5.6 kPa 
for the lower pH.. This highlighted once more the importance of the pH for the gelation 
process of the single and double component gels. The mechanical properties of the 
OVA gel at ϕ = 0.066 were probed further. As well as having an elastic modulus of 5.6 
kPa, higher than the corresponding modulus for the BSA gel, the gels also displayed 45 
% elasticity upon successive deformation cycles.  
 
Gelatin was an ideal candidate for the original BSA gelatin-75 bigel due to the fact that 
it is a thermoreversible physical gel that formed independently of the BSA and  has a pI 
of 4.7 – 5.2 (Bhattacharjee and Bansal, 2005), similar to that of BSA at 4.7 (Ge et al. 




elastic modulus (Ferry and Eldridge, 1948). For this reason, a higher molecular weight 
gelatin was chosen with the anticipation it would have an even greater contribution to 
the overall strength of the bigel. The new gelatin had a bloom number of 225 g 
compared to the gelatin previously used in the protein bigel which had a bloom number 
of 75 g (Blumlein and McManus, 2015). The bloom value of gelatin is an indicator of 
its strength, defined by the weight in grams required for a 12.7 mm diameter flat 
bottomed cylindrical plunger to depress the surface of a 6.67% (w/w) gelatin gel. 
Gelatin-225 gels were formed in concentrations ranging from a volume fraction of 
0.055 to 0.073. All of the gels were transparent with the elastic moduli ranging from 7 
to 9.64 kPa. The reversibility of these gels was explored through successive 
pressurization and depressurization cycles using cavitation rheology with the results 
indicating deformation by fracture for all the gelatin gels. 
 
Bigels were formed between ovalbumin and higher molecular weight gelatin, gelatin-
225 with very strong mechanical properties. The gelation procedure used was identical 
to the optimized procedure for the BSA/gelatin-75 bigels. The bigel formed with a 
combined volume fraction of 0.139 was found to have an elastic modulus of 66.96 kPa, 
compared with 36.2 kPa for the BSA gelatin-75 bigel. This significant increase can be 
credited to both the higher molecular weight gelatin, as well as the ovalbumin single 
component gel, which was stronger than for the BSA gel at the same volume fraction. In 
addition, as was seen in the BSA/gelatin bigels (Blumlein and McManus, 2015), the 
deformation process for the gels maintained some of its elasticity. The successive 
pressurization and depressurization cycles indicated that the deformation process was 85 
% elastic, with the bigel maintaining a critical pressure of 51 kPa following the initial 
cavitation event, a value which is still much higher than that of the single component 
ovalbumin gel at the same concentration, which only maintained 45 % elasticity with a 
critical pressure of 5.6 kPa. This suggests that the behaviour of the ovalbumin changes 
in the presence of the gelatin. These results agree with the work by Foffi and his 
colleagues whereby they showed how DNA bigels may withstand more stress than 
single component gels, with the same 4x scaling pattern observed (Di Michele et al., 
2014). Light microscopy of the bigels revealed a percolated network of uniform OVA 




decomposition since it occurs rapidly and uniformly throughout the sample, unlike 
amorphous aggregate formation which would result in a more heterogenous gel. 
 
3.5 Conclusion 
Ovalbumin and a higher molecular weight gelatin were used to create a very strong 
protein bigel, consisting of two discrete interpenetrating networks, with the OVA 
having undergone arrested spinodal decomposition and the gelatin gel forming around 
the ovalbumin. Using cavitation rheology, the mechanical properties of these gels were 
explored, revealing very strong gels with an elastic modulus of up to 67 kPa, much 
higher than that of the BSA/gelatin bigels described previously. In addition, these gels 
displayed an extremely highly elasticity of approximately 85 %, very interesting 
properties for the purpose of certain stress-bearing biomedical applications such as 
replacement cartilage. Light microscopy of these gels revealed a percolated network of 
uniform spherical aggregates consistent with the mechanism of arrested spinodal 
decomposition. The preparation procedure for the bigels was also investigated and 













Chapter 4:  

















Hydrogels are three-dimensional hydrophilic polymeric networks that are widely used 
in tissue engineering, wound healing and regenerative medicine (Hoffman, 2002). They 
are ideal for use as cellular scaffolds since their properties resembling  the extracellular 
matrix surrounding cells in vivo (Zhu and Marchant, 2011). 
 
Figure 4.1: Model of the complex structure of ECM that surrounds cells in vivo, taken from (Zhu and 
Marchant, 2011). 
 
They can be formed from natural or synthetic polymers, or a combination of both. 
Synthetic hydrogels often involve a chemical crosslinker that can be both toxic to the 
cells and can result in unreacted agent that must somehow be subsequently removed 
from the cells (Hoffman, 2002). Physical hydrogels involve polymer chains that are 
held together by non-covalent interactions such as hydrogen bonding, hydrophobic 
forces and electrostatic interactions (Zhu and Marchant, 2011).  
Natural polymers provide a great alternative to synthetic ones, as they can avoid any 
biocompatibility and biodegradability issues that might arise (Zhu and Marchant, 2011). 
There have been hydrogel tissue scaffolds formed from polysaccharides, such as 
alginate (Augst et al., 2006), hyaluronic acid (Leach et al., 2003) and chitosan (Kim et 
al., 2008), DNA (Wang et al., 2017), and proteins, including collagen (Lee et al., 2001; 
Levingstone et al., 2014), gelatin (Sakai et al., 2009) and lysozyme (Yan et al., 2006). 
However, in general these lack the mechanical strength required for some more stress-
bearing applications such as bone grafting (Hutmacher, 2001). In addition to 
biocompatibility, biodegradability and mechanical strength another key feature to 




necessary for the cell penetration, ingrowth and distribution (El-Sherbiny and Yacoub, 
2013). 
Collagen is one of the most popular polymers used for cell scaffolds (Lee et al., 2001; 
Glowacki and Mizuno, 2008). There are several collagen-based hydrogel products 
currently on the market for various biomedical applications. Surgacoll currently market 
two products, Condrocoll, and HydroxyColl, which are both collagen based, for use in 
tissue engineering applications (Levingstone et al., 2014). Infuse Bone Graft is another 
collagen based product consisting of a recombinant human bone morphogenetic protein-
2 (rhBMP-2) that’s applied to an absorbable collagen sponge (ACS)  carrier (McKay et 
al., 2007). Matrigel® is one of the current market leading products used as a hydrogel 
for 2D or 3D cell culture. However, a weak elastic modulus of approximately 450 Pa 
was reported by Soofi and his colleagues, measured using atomic force microscopy 
(Soofi et al., 2009). 
In addition to collagen, other protein based cell scaffolds have been described including 
those containing gelatin, bovine serum albumin (BSA) and ovalbumin (OVA) (Sakai et 
al., 2009; Farrar et al., 2010; Shen et al., 2013; Wang et al., 2014; Luo and Choong, 
2015; Fang et al., 2016). Gelatin is another common protein used in cell culture 
scaffolds, in addition to its availability, biocompatibility and biodegradability, it also 
contains certain surface moieties, in particular Arginine-Glycine-Aspartic acid 
sequences that can modulate cell adhesion and encourage cell growth (Hoque et al., 
2014). BSA hydrogels have also been reported for use in drug delivery systems (Du et 
al., 2013; Wang et al., 2014), however these gels either lacked any mechanical strength 
or required a chemical crosslinker, introducing biocompatibility issues. 
There have been multiple studies conducted on the efficiency of ovalbumin as a porous 
cell scaffold (Farrar et al., 2010; Luo and Choong, 2015). Farrar et. al. reported multiple 
ovalbumin hydrogels, figure 4.2, formed from chemically crosslinking the OVA with 
glutaraldehyde, an agent commonly used in synthetic hydrogels (Gough et al., 2002; 





Figure 4.2: FESEM image illustrating the morphology and pore size for ovalbumin-based scaffold at 
magnification of 200x. Taken from (Farrar et al., 2010).  
Although the gels indicated significant increase in cell numbers, the mechanical strength 
was reported as 6.6 +/- 3.6 kPa (Farrar et al., 2010), lower than the OVA/gelatin-225g 
bigel which we have produced, which has an elastic modulusof 67 kPa. In addition, the 
chemical crosslinker used, glutaraldehyde, has been reported to have a negative effect 
on cellular response, due to its cytotoxicity (Gough et al., 2002). OVA cryogels have 
also been described, and although there is no need for a chemical crosslinker, the elastic 
modulus was only reported as 15.3 kPa (Elowsson et al., 2012). 
The OVA/gelatin and BSA/gelatin protein-only bigels would overcome the mechanical 
shortcomings associated with most of the natural polymer based hydrogels, while 
retaining the biocompatibility and biodegradability that is sought after as well as having 
a naturally porous structure due to the natural voids that occur in the bigels. In addition, 
the inherent strength of the bigels also allow the formation of self-supporting 3D 
structures, which could be very useful for certain applications. 
PrestoBlue (PB) is a cell viability assay that was recently developed (Lall et al., 2013) 
to detect cell proliferation in vitro. It is a resazurin-based assay which is reduced to 
resorufin, in metabolically active cells. This conversion is accompanied by colour 
change from blue to red and a shift in fluorescence/absorbance which can be monitored 
using a spectrophotometric approach. The exact mechanism for the reduction of 
resazurin has not been confirmed, however it has been suggested it is from the NADH 
within the cell (Candeias et al., 1998). PrestoBlue offers distinct advantages over other 
colorimetric assays including other resazurin based assays such as Alarmar Blue and 
MTT based assays due to its high sensitivity with very low incubation times (Boncler et 





4.2 Aims of this study 
The aims of this study were to examine the impact of various strong protein gels on cell 
growth for the potential use as cell scaffolds in biomedical applications where they 
would be of particular benefit to those that require mechanical strength such as cartilage 






4.3.1 Analysis of the mechanical properties of collagen gel  
Collagen gel is commonly used in cell culture as a scaffold due to its biocompatibility, 
biodegradability and relative abundance (Lee et al., 2001). However previous studies 
have reported that collagen forms weak gels (Wu et al., 2005). For certain stress-bearing 
application such as replacement bone, ligaments and cartilage, it is important that the 
material used has strong mechanical properties.  
For this reason, the mechanical properties of collagen were explored. Collagen gel was 
prepared at a concentration of 2 mg/ml. Although this concentration is lower than those 
chosen for the bigels, it was chosen as it is the concentration typically used in cell 
culture. The elastic modulus of collagen was determined to be 15 Pa using cavitation 
rheology, figure 4.3, which is similar to some other values for the elastic modulus of  
Type 1 collagen (Wu et al., 2005). The collagen gel was transparent and very liquid-like 





Figure 4.3: The elastic modulus Collagen at 2 mg/ml was found to be 15 P, using cavitation rheology. 
In table 2, the elastic modulus for collagen is compared with that of the other scaffold 
materials used in the study, the OVA/gelatin-225g bigel and the BSA/gelatin-75g bigel, 
all determined using cavitation rheology (chapter 3). The elastic modulus for collagen is 
much lower than the double network protein gels. 
 
Table 0.1: Comparison of the elastic moduli for the different scaffold materials 
Material Elastic 
Modulus (kPa) 
BSA/Gelatin-75g bigel, ϕ = 0.141 
 
36.2 
OVA/Gelatin-225g bigel, ϕ = 0.141 
 
67 





4.3.2 In vitro assessment of different cell scaffolds 
Hydrogels are commonly used in biomedical applications that involve tissue culture. 
Some of the key features to consider when designing hydrogels is biocompatibility, 
biodegradability, porosity and mechanical strength. The tough protein bigels described 
in chapter 3, OVA/gelatin and BSA/gelatin would satisfy all of these requirements, 
providing a great alternative to some of the traditional hydrogels that lacked the 



























mechanical properties required for certain stress-bearing biomedical applications. In 
addition, since they are completely protein based, they can be broken down 
enzymatically without the release of any harmful by-products. However, to qualify for 
use as a scaffold, the materials must support cell growth and must not exhibit any 
cytotoxicity towards the cells. For this reason, their efficacy as a cell scaffold was 
monitored using PrestoBlue assay.  
 
4.3.2.1 Optimisation of Presto Blue assay 
PrestoBlue (PB) is a reduction assay used to measure cell proliferation. Prior to use, it is 
necessary to determine the optimum incubation time for the cell line in use, in this 
instance for the HEK 273 cell line. Cells were plated in a 24 well plate, at 
concentrations ranging from 5 x 104 cells/ml to 2.5 x 105 cells/ml, including a control 
well with only CGM. 50 µl PB was added to each well (total well volume 500 µl) 
giving a 1/10 dilution.  The cells were incubated for 10, 20, 30, 60 minutes respectively 
to determine the optimum incubation time. Experiments were conducted in triplicate. 
Cell viability was determined by measuring the fluorescence emission at an excitation 
wavelength of 560 nm and emission wavelength of 590 nm. The results from the 





Figure 4.4: Cell proliferation assay on HEK cells using PrestoBlue. The optimal incubation time for PB 
on the cells was selected based on total fluorescence intensity and limit of detection. 
Each data point is an average of three independent wells and corrected for any 
background fluorescence from the phenol red in the DMEM cell culture medium. All 
incubation times show good linearity and a good limit of detection (LOD), with the best 
linearity shown for 30 and 60 min. As the incubation time increases, the signal intensity 
also increases. However, beyond 30 minutes incubation, the LOD does not necessarily 
increase further and therefore 30 minutes is sufficient to achieve maximum sensitivity.  
 
4.3.2.2 Preparation of bigel scaffolds for cell culture 
The BSA/gelatin-75 and OVA/gelatin-225 gels were prepared using the optimised 
procedure as described in section 3.322. and listed in table 3.4. The entire procedure 
apart from any of the incubation steps, was carried out under aseptic conditions in a 
biological safety cabinet (BSC). Ultrapure water was used for hydrating the proteins 
which was previously autoclaved at 120 °C for 30 minutes to ensure sterilization.  The 
proteins were hydrated and heated to 45 °C to ensure equilibration and mixed in the 
BSC. The protein mixture was aliquoted into each well in a 24-well plate. 300 µl was 
deemed a sufficient volume to ensure that the well surface was completely covered for 
the duration of the 11 days. The plate was then sealed using sealing tape to prevent any 



































contamination and heated at 90 °C in a water bath for 3 min and cooled in ice water. 
Prior to use, the gels were dialysed with 500 µl CGM three times. 
 
4.3.2.3 Impact of various scaffolds on cell growth, determined using presto 
blue assay 
Cell proliferation for HEK 273 was assessed on a number of different protein-based 
scaffolds using the PB assay and then compared. The bigel scaffolds were prepared in 
each well as described in section 4.3.3.2 and the collagen scaffolds were prepared as 
described in section 2.3.6. Experiments were conducted in triplicate. The cells were 
seeded at a density of 1 x 105 cells/ml in a 24-well plate (500 µl per well) and allowed 
to adhere for 24 hours before analysing.  50 µl PB was added to each well, including a 
control well for each material containing the relevant scaffold and medium with no 
cells. The cells were allowed to incubate with the reagent for 30 min at 37 °C.  The 
medium containing the PB was then transferred to a 96-well plate for measurement. The 
fluorescence was measured at an excitation wavelength of 560 nm and an emission 
wavelength of 590 nm using a SpectraMax M2e plate reader each day for a total of 11 
days.  
The different scaffolds consisted of the OVA/gelatin-225 bigel ϕ = 0.139, the 
BSA/gelatin-75 bigel, ϕ = 0.139, three-dimensional collagen gel (0.2 %), two-
dimensional collagen coating and a negative control whereby the well surface was left 
untreated. Figure 4.5 shows the relative fluorescence measured for the different 
materials each day across the 11 days. The increase in fluorescence intensity can be 
related to increased cell numbers. Each point in the data set is an average of three 
independent wells, corrected for any background fluorescence by the cell medium or 
from the different scaffold materials, and the error is calculated as the standard 
deviation of the three independent measurements. The cell growth on the gel scaffolds 





Figure 4.5: The relative fluorescence of the different scaffold materials compared with the control, over 
11 days. All points taken as an average of the measurements from three independent wells and corrected 
for any background fluorescence from the material itself or medium. 
For the first two days there was very little difference in cell proliferation on the different 
surfaces. On day 4, the three gel scaffolds started to show an improvement compared 
with the 2D collagen scaffold and the negative control (no surface treatment). The 
OVA/gelatin-225g showed a significant increase in fluorescence intensity over the other 
gels and the negative control and this trend continued until day 8. On day 8, the highest 
fluorescence for OVA/gelatin was recorded with RFU of 1708, 883.8 % higher than the 
control cells. After day 8 the relative fluorescence started to decrease for the cells with 
the OVA/gelatin-225g scaffold, however this can be attributed to over-confluency 
resulting in cell death. The cells also responded positively to the BSA/gelatin scaffold 
with an RFU of 882 recorded on day 11, a 177 % increase when compared with the 
control cells. There was a RFU of 695 recorded for collagen gel followed by an RFU of 
600 for the collagen 2D scaffold. 
 
Light microscopy was used to monitor cell growth on the bigel material. An 
ovalbumin/gelatin-225g bigel scaffold in the shape of a cylindrical hollow was formed 
in the individual well in 24 well plate as depicted in figure 4.6.  
 BSA/Gelatin bigel; E = 36.2 kPa
 OVA/Gelatin bigel; E = 67 kPa
 Collagen Gel; E = 0.015 kPa
Collagen Coating
 No Treatment























Figure 4.6: Top plan view of hollow cylindrical bigel (grey) formed around edge of well (in 24 well plate) 
with exposed cell surface in the centre (blue) with dimensions. 
To do this, a cylindrical insert was created from layered sheets of silicone. This insert 
had a diameter of 11.3 mm and a surface area of 1 cm2, approximately half of the total 
surface area of the well, 1.9 cm2. This was placed in the centre of the well and the bigel 
was then formed around the insert. Once the bigel had fully formed and cooled, the 
insert was removed leaving half of the cell base exposed, as depicted in figure 4.6. Cells 
were seeded at a concentration of 1 x 105 cells/ml in the well, with the gel scaffold fully 
submersed in medium to ensure an even distribution of cells. The gels were 
subsequently visualised and imaged using light microscopy, figure 4.7. The cells 
appeared to be migrating towards the walls of the bigel, with a much higher confluency 









Figure 4.7:  Phase contrast light microscopy images of the HEK cells migrating towards the 
OVA/Gelatin-225g bigel (left wall) at a magnification of 10x. Scale bar = 100 µm. 
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exposed surface 
of well 
bigel formed  
around insert 
diameter of exposed well surface = 11.3 mm,  
SA of exposed well surface = 1 cm2 
hollow cylindrical 
bigel  
images taken from edge 
of the exposed well, next 
to bigel 
images taken from 






The impact of various cell scaffolds on cellular growth in vitro was assessed using the 
PrestoBlue (PB) assay. The ovalbumin/gelatin-225g bigel, followed by the BSA/gelatin-
75g bigel had the greatest impact on cell growth when compared with both collagen and 
the control.  
Three-dimensional cell scaffolds have been shown to have a positive impact on cell 
growth relative to 2D growth conditions (Edmondson et al., 2014). As cells in vivo are 
surrounded by other cells as well as the extracellular matrix (ECM), 3D scaffolds are 
much more representative of this environment than a two-dimensional culture system 
and as a result, 2D cell scaffolds can often lead to inaccurate and misleading results in 
vitro (Hutchinson and Kirk, 2011).  
Collagen is commonly used for 3D cell scaffolds due to its biocompatibility and 
biodegradability (Lee et al., 2001; Glowacki and Mizuno, 2008), however, it lacks any 
structural integrity, forming very weak hydrogels (Wu et al., 2005; Raub et al., 2010), 
and therefore is not practical for certain applications such as biomimetics or 
replacement cartilage. The elastic modulus of collagen at 2 mg/ml was found to be 15 
Pa using cavitation rheology, much weaker than the elastic moduli determined for the 
protein bigels described in chapter 3; 36.2 kPa and 67 kPa for the BSA/Gelatin-75g and 
OVA/Gelatin-225g bigels respectively. In addition, the collagen gel was very liquid-like 
and was not capable of maintaining a 3D structure, unlike the protein bigels. Although 
this concentration of collagen was lower than the concentrations of the bigels, 2 mg/mL 
was chosen as is the concentration typically used for cell culture.  
Cell scaffolds containing ovalbumin, BSA and gelatin have all previously been 
described with promising cellular responses. Wang et al described BSA-PEG hydrogels 
with promising results for drug delivery applications, however these gels were lacking 
mechanical strength with elastic moduli reported around 2 kPa (Wang et al., 2014). 
Ovalbumin-based scaffolds have also been described (Farrar et al., 2010; Luo and 
Choong, 2015). Luo and Choong described multiple ovalbumin scaffolds with 
promising cellular responses and mechanical properties, however, these all involved 
chemical crosslinkers introducing biocompatibility and biodegradability issues (Luo and 
Choong, 2015). These previous findings suggest that the protein bigels described in 




shortcomings of most natural hydrogels, while still maintaining biocompatibility and 
biodegradability as there are no chemical crosslinkers involved. 
To determine their efficacy as a 3D scaffold, the impact of the BSA/Gelatin-75g and the 
OVA/Gelatin-225g bigels on cell growth was assessed for the HEK 293 cell line, using 
Presto Blue (PB), a cell proliferation assay. In metabolically active cells resazurin is 
reduced to resorufin, which fluoresces at an excitation wavelength of 560 nm, and 
emission wavelength of 590 nm, where the relative fluorescence is directly proportional 
to cell numbers, therefore it can be used to represent cell proliferation. By comparing 
the treated cells to control cells, it can be used as a measure of cell viability, or 
cytotoxicity. Prior to use, it was necessary to determine the optimal assay incubation 
time for the HEK 293 cell line used in this study. Four different incubation times, 10, 
20, 30 and 60 minutes were assessed, with all times showing good sensitivity and 30 
and 60 minutes showing the best linearity. 30 minutes was chosen as the incubation 
time for this study. PB assay was applied daily for 11 days and the fluorescence was 
measured. All measurements were taken as an average for three separate wells and 
corrected for any background fluorescence from the scaffold materials or medium. Over 
the course of the 11 days, as expected, all of the cell scaffolds have a better impact on 
cell growth when compared with the control cells. However, surprisingly, the cells 
growing on the OVA/gelatin showed a significant increase in fluorescence compared 
with the control and other scaffolds, showing that the cells were responding positively 
to the OVA/gelatin scaffold, with the highest fluorescence recorded on day 8, with an 
RFU of 1708, 883.8 % higher than the control cells. The drop in fluorescence observed 
after day 8 for the OVA/gelatin bigel can be attributed to over-confluency. The cells 
also responded positively to the BSA/gelatin bigel, followed by the 3D collagen and 
then the 2D collagen.   
These findings were supported by optical microscope images of the HEK cells growing 
next to the OVA/gelatin bigel scaffold. Unfortunately, since the bigels are turbid it is 
not possible to visualise the growth of the cells on or within the gel with optical 
microscopy. However, it is clear from these images that the cells were growing 
preferentially towards the bigel, further indication for its positive impact on cell growth. 
Certain peptide sequences on the surface of the scaffold have been shown to help 




peptide for example, has been shown to contribute to cellular proliferation, migration 
and attachment in various cells (Hersel et al., 2003; Bellis, 2011). Although this 
particular peptide sequence is not present in ovalbumin or  bovine serum albumin, it is 
present in gelatin, (Zhu and Marchant, 2011; Hoque et al., 2014), one of the two 
components present in each bigel. This could in part explain the increased cellular 
action observed in the presence of both bigels.  
In addition, numerous recent studies have suggested that cells respond to the mechanical 
properties of their environment, by altering their adhesion properties (Discher, 2005; 
Engler et al., 2006; Chang and Wang, 2011; Huebsch et al., 2015). Mesenchymal stem 
cells for example, have been shown to respond to the stiffness of their environment 
(Engler et al., 2006; Huebsch et al., 2015). It appears from our measurements that the 
HEK cells have also responded positively to the high strength and elasticity of the 
bigels, which would explain the higher rate of cell growth for the OVA/gelatin-225 
bigel, which had the highest elastic modulus of 67 kPa.  
Although these results are only preliminary, the positive response of the cells to the 
bigels as well as their strong mechanical properties provides the potential for a range of 
different biomedical applications such as bone grafting, whereby previous hydrogels 
have failed to provide the mechanical strength and structural integrity required.  
 
4.5 Conclusion 
The two bigels described previously, BSA/gelatin-75g and OVA/gelatin-225g both had 
a positive impact on cell growth compared with collagen and a negative control 
(standard cell culture plate with no treatment), indicating promising results for potential 
biomedical applications. Collagen is commonly used as a hydrogel cell scaffold, due to 
its availability, biocompatibility and biodegradability (Lee et al., 2001), however it has 
poor mechanical properties forming very weak gels (Wu et al., 2005). The elastic 
modulus of collagen gel at 2 mg/ml was determined to be 15 Pa, much weaker than both 
protein bigels, BSA/gelatin-75g and OVA/gelatin-225g, which were found to be 36.2 
and 67 kPa respectively, all determined using cavitation rheology. The impact of the 
protein bigels on cell growth for the HEK 273 cell line was monitored over 11 days 
using the PrestoBlue assay, a resazurin based assay whose reduction to resorufin is an 




OVA/gelatin-225g bigel had the greatest impact on cell growth with the highest relative 
fluorescence unit (RFU) of 1708 on day 8, (corrected for any background fluorescence 
from the gel or the medium), followed by the BSA/gelatin-75g bigel with a RFU value 
of 765, compared with the controls cells which had RFU of 173. Light microscopy also 
revealed preferential growth of the cells towards the OVA/geltain-225g bigel. These 
results could be attributed to the positive response cells have been reported to have 
towards strong materials (Engler et al., 2006; Huebsch et al., 2015) as well as the 
surface moieties present on gelatin (Hoque et al., 2014). These protein bigels could 
provide a promising tool for future cellular studies as well as their use for certain 





This work explores the formation and characterisation of new protein bigels and 
examines their efficacy as cell scaffolds. Hydrogels are being used increasingly in 
applications such as tissue engineering, drug delivery and wound dressings due to their 
high water content and porosity. However, traditional hydrogels lack the mechanical 
strength required for strength bearing applications such as bone grafting and chemically 
synthesised hydrogels can lead to biocompatibility and biodegradability issues. Protein 
bigels consist of two discrete interpenetrating protein gel networks that each contribute 
to the overall mechanical properties of the gel producing a much stronger gel with the 
potential to overcome the limitations of traditional hydrogels. 
Chapter 3 explores new proteins that can be used to form a bigel. The first protein bigel 
composed of BSA and gelatin was described in 2015 with an elastic modulus of 24.3 
kPa. The mechanism of formation for the BSA component of the bigel was determined 
to be spinodal decomposition of unfolded BSA followed by aggregation mediated by 
disulphide bond formation within the spinodally decomposed state. The second 
thermoreversible gel network was formed by the physical entanglement of gelatin 
around the BSA network. The first part of my research involved examining the 
preparation procedure for these bigels. The preparation procedure was optimised to 
ensure consistency for future measurements. Solution conditions play an important role 
to ensure that interspecies attraction is kept at a minimum so that two discrete networks 
can be formed. These factors were also considered when choosing new proteins. 
Ovalbumin and a high molecular weight gelatin were chosen due to their chemical and 
physical properties. Bigels were formed with these two proteins and characterised with 
cavitation rheology. The elastic modulus was determined to be 67 kPa, much larger than 
that of the BSA/gelatin-75g bigel, at 24.3 kPa. The OVA/gelatin-225g bigel was also 
much stronger than the combined modulus of the parent gels, similar to what was seen 
for the BSA/gelatin bigel. The gels exhibited a high degree of elasticity with 85 % of 
the pressure retained after successive pressurisation cycles. Light microscopy also 
revealed a percolated network of uniform aggregates surrounded by a second network of 




Chapter 4 examines the efficacy of the bigels as cell scaffolds. Hydrogels formed from 
natural polymers are being used increasingly in biomedical applications due to their 
biocompatibility and biodegradability. Collagen is commonly used, however its lacks 
mechanical strength. The elastic modulus for collagen at 2 mg/ml was determined to be 
15 Pa, much weaker than the elastic moduli determined for the protein bigels, which 
would provide a great alternative to overcome these mechanical limitations. PrestoBlue 
cell viability assay was used to determine the impact of different scaffolds on cellular 
growth. The scaffolds that were compared included several three-dimensional scaffolds; 
BSA/gelatin bigel, OVA/gelatin bigel, collagen gel and two-dimensional scaffolds; 
collagen coating and untreated plate well. There was a very positive cellular response to 
the protein bigels, in particular the OVA/gelatin bigel, followed by the BSA/gelatin 
bigel when compared with the untreated well, indicating promising potential for 
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